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RADIOACTIVE WASTE MANAGEMENT IN POLAND: CURRENT STATUS OF
INVESTIGATIONS FOR RADIOACTIVE WASTE REPOSITORY AREAS
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Abstract: General information about the regulations and limitations concerning radioactive waste in Poland is given
in the paper. Radwaste, 95% of which is low level at present, comes from one research reactor and over 2000 small-
er producers. The responsibility for collecting, handling and disposal of all radwaste is delegated to one organization
partially supported by the state. The status of new repository site investigations is reviewed.

18.1 INTRODUCTION

The suitable management of radioactive waste and spent
fuel from research reactors appears to be one of the most
important problems in Poland, because it has an impact
on the safety and public acceptance of nuclear energy
and the further development of this technology.

It is estimated that ionizing radiation sources in this
country with an activity of about 200,000 Ci are being
used in medicine, industry and scientific research activ-
ities. As of January 1, 1993, spent fuel from research
reactors with an activity of 800,000 Ci (including 6000
Ci from transuranic elements) were in storage at the
Institute of Atomic Energy (IEA) at Swierk.
Decommissioning of research reactors is also a very
important problem that should be taken into account in
waste management programs.

18.2 LEGISLATION FOR RADIOACTIVE WASTE
MANAGEMENT

Radioactive waste management in Poland is regulated
within the framework of:

1. The Atomic Law, laid down April 10, 1986, by an Act
of Parliament, in which the utilization of atomic
energy for the public, as well as the economic needs
of the country, is defined; and

2. A regulation from the President of the National
Atomic Energy Agency (NAEA), announced May
19, 1989, on the Principles of Defining Waste as

Radioactive, Classifying Them and Keeping
Records, and the Immobilization, Storage and
Disposal of Wastes.

To ensure safe transport of radioactive material, the
TIAEA regulations (Safety Series No. 6, 1985), and
modal ADR, RID, IATA and IMO regulations are
applied as appropriate. In practice, the transport of
radioactive waste is only by road.

Radioactive waste is separated as follows: (1) beta and
gamma emitters - high level (HLW); (2) alpha emitters;
and (3) spent sealed radioactive sources. According to
the regulation mentioned above from the NAEA’s
President, waste classifications are based on ALI princi-
ples as shown in Table 18.1.

18.3 SOURCES OF RADIOACTIVE WASTE IN POLAND

In Poland, radioactive waste comes from research reac-
tors, scientific and educational institutions, industrial
organizations and hospitals. Only low and intermediate
level wastes are produced. The high activity gamma
emitters in spent sources should be transported back to
the supplier, but a number of them are still stored at dif-
ferent places in the country.

For many years, Poland has operated two research reac-
tors and one critical assembly; and at present, a few
thousand spent fuel elements from these reactors are
stored at the site of the Institute of Atomic Energy. The
storage facilities were originally planned only as tempo-

183

LAY




A

PoLAND CH. 18
Table 18.1. Waste classifications.
Waste Form Radiation LLW LW HLW
Solid beta, gamma 102-106 10%-10° >10°
(ALI/m?)
alpha >10% - -
(ALI/m®)
Liquid beta, gamma 102-10% 10%-10° >10°
(ALY/m?)
alpha >102 - -
(ALY/m?)
Gaseous beta, gamma 0.1-10 10-108 >108
(DAC)
alpha >0.1 - -
Note: ALI denotes a derived factor being the annual limitof radioactive intake through the alimentary canal (ALIp) or respiratory system (ALIo)

for people employed in conditions of radiation exposure, stated in separate provisions.

DAC denotes a derived factor being the concentrations of radionuclides in the atmosphere for people employed in conditions of ionizing

radiation, stated in separate provisions. DAC = ALI0/2400 m® where value of 0.1 DAC corresponds to the ventilation outlet.

In the case of unidentified isotopes, a more restrictive limit expressed in Bg/kg or Bg/m® may be used.

rary storage on the assumption that the spent fuel would
be taken back by the Soviet supplier. The spent fuel is
kept in a wet storage facility close to the reactor, and the
age of the oldest irradiated fuel elements is 35 years.
Conditions at the storage facilities are controlled by the
user and by the National Inspectorate for Radiation and
Nuclear Safety. The question of how and where this
spent fuel is to be transported, stored or reprocessed
appears to be one of the most important questions to be
considered by the Government. Establishing a clear pol-
icy regarding the management of spent fuel seems to be
one of the major elements having an impact on public
acceptance of nuclear energy.

18.4 ORGANIZATIONS RESPONSIBLE FOR WASTE
MANAGEMENT AND SCOPE OF THEIR DUTIES

According to the above mentioned Atomic Law:

+ The issues falling within the scope of the Agency’s
activity is radioactive management;

+ The head of the organizational unit within which the
radioactive wastes arise is responsible for their han-
dling in full conformance with the nuclear safety and
radiation protection requirements and their prepara-

tion for transport and storage; and

o The head of the organizational unit that has been
licensed to operate a radioactive waste disposal facil-
ity is responsible for keeping the radioactive waste in
full conformance with the nuclear safety and radia-
tion protection requirements.

The President of the National Atomic Energy Agency is
designated, and can be recalled, by the Prime Minister
and reports directly to him. The Management
Committee, under the supervision of the President, acts
within the Agency. The Committee adopts resolutions
on matters related to the scope of the Agency’s activi-
ties.

The responsibility for LLW/ILW over the entire country
is delegated to the Institute of Atomic Energy. At pre-
sent, practically all radwastes are collected, treated and
conditioned at the IEA and disposed of at the Central
Repository (CR) located at Rozan.

18.5 TREATMENT AND CONDITIONING OF LLW/ILW

The radioactive waste treatment and the conditioning
methods at the JAE are aimed at reducing volumes and
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preparing for safe transportation and storage to fulfill
the requirements for final disposal at the CR.

Low level liquid waste is chemically treated in a clarifi-
er resulting in a volume reduction of about 100 times,
and the sludge is transferred to a bitumization plant for
further treatment. On the other hand, ILW is concentrat-
ed by evaporation, and the distillate is further purified
by ion exchange before being released. The concentrates
(evaporator sludge) are conditioned by cementation, and
the radioactivity and chemistry of the decontaminated
liquid effluents are controlled before being released.
Solid LLW is compacted into 0.2 m® drums using a 12-
ton press, and the biological wastes, after urea-
formaldehyde conditioning, are stored in 0.05 m3
drums.

18.6 STORAGE OF RADIOACTIVE WASTE

The Central Repository for radioactive waste is a near-
surface type located 90 km from Warsaw on the grounds
of a former military fort built in 1905. The CR was put
in operation in 1961. The geology of the site is charac-
terized by boulder and sandy clay. No historical records
regarding seismic activities in the area are available.

Most of the repository is characterized by a concrete
structure of military design with roof and wall thick-
nesses of 1.2 to 1.5 m, and a floor thickness of about 30
cm, Within a protection trench of the fort, a moat is used
for final disposal with a concrete cover about 20 cm
thick. Only solid and solidified low and intermediate
level wastes are stored at the CR. After 33 years of oper-
ation, about 5400 m? of wastes have been disposed of in
this repository. The cumulative activity of these wastes
is 250,000 GBq (without decay), or 40,000 GBq with
decay.

18.6.1 Storage in Concrete Bunkers

Concrete bunkers are used for temporary storage of
alpha waste and contaminated installations and devices,
which will be reused. Solid alpha wastes are placed in a
chamber that is sealed off, after being filled, with a brick
wall. Sealed sources of waste, with activities that do not
exceed 4 GBq, are disposed of in one of the under-
ground concrete bunkers. The access hole to this bunker
is sealed with a lead cover lid 200 mm in thickness.

Except for the alpha waste categories, the LLW is dis-
posed of in the moat of the CR where the bed and walls
are made of concrete. The containers of the conditioned
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waste are placed in layers that are separated by layers of
concrete. This procedure is repeated until the moat is
filled to capacity, and the top layer is protected by
asphalt.

18.6.2 Environmental Radiation Monitoring

The on- and off-site radiation monitoring system at the
CR includes two basic groups of measurements:

s Radioactivity levels in environmental samples, and
s On-site and off-site gamma radiation levels.

Records of measurements are made by the JTAE and pre-
sented annually to the National Inspectorate for
Radiation and Nuclear Safety as well as to the appropri-
ate local administration.

18.7 NEW REPOSITORY SITE INVESTIGATIONS

A study was initiated in Poland in the late seventies
aimed at selecting areas suitable for radioactive waste
repositories. Initially, the main attention was concentrat-
ed on selecting areas characterized by rock systems suit-
able for the permanent isolation of wastes. Salt beds,
crystalline rocks and clay formations of considerable
thickness were considered the most appropriate rocks
for an underground repository.

The study was conducted upon the request, and was
coordinated, by the National Atomic Energy Agency.
Many specialists from various scientific institutions par-
ticipated in the elaboration of specific issues. The inves-
tigations were designed to determine potentially useful
repository sites in three categories: (1) superficial; (2)
shallow underground; and (3) deep underground (see
Nos. 1-10, Fig. 18.1).

18.7.1 Deep Underground Waste Repositories

An examination of geological formations that initially
appeared suitable for the construction of deep waste
repositories and could satisfy nuclear safety require-
ments led to the following selection of sites shown on
Figure 18.1:

s Silurian shales in northern Poland (No. 5 );

s Granites, bastard granites, crystalline Pre-Cambrian
shales in eastern Poland (No. 6); and

¢ Triassic mudstone (No. 4).

The location of a repository within these formations
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Figure 18.1. Areas selected in Poland for the possible location of a radioactive waste repository: 1 - superficial
(Quaternary); 2 - shallow underground (Tertiary-Pliocene; 3 - shallow underground (Tertiary-
Sarmatian); 4 - deep underground (Triassic)’ 5 - deep underground (Silurian); 6 - deep underground
(Pre-Cambrian); 7 - deep underground (Permian); 8 - deep underground(Permian); 9 - limits of area
with favorable climatic conditions for superficial radioactive waste repositories; and 10 - active repos-

itory at Rozan.

would require the construction of deep underground
works.

In discussions concemning waste storage in other rock
types, the concept of storage in salt formations was also
considered. The following selections were made from
an analysis of formations of Permian and Miocene age:

o Rock salt in the Baltic region (No. 7); and
o Salt diapirs in central Poland (No. 8).

Information on rock salt has been revealed in varying
degrees by wells and geophysical investigations. These
earlier studies were conducted in terms of assessing the
salt resources for the chemical industry. Solution mining

(lixiviation) of storage cells in one of the rock-salt
diapirs was considered to be the most appropriate solu-
tion.

During the period of planning for the development of
nuclear energy, a study was carried out to determine the
best waste repository policy to adopt concerning rock-
salt beds in northern Poland. A method was presented
for the prognosis of thermal effects in an underground
repository for highly radioactive waste and the problems
of optimizing the underground works and the storage
technique. The repository was assumed to be located in
Permian salt beds at a depth of 740 m beneath the sur-
face. The average bed thickness in the area of the repos-
itory is about 200 m, and the overlying formations are
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anhydrides and Permian dolomite limestones. Above
these beds are Mesozoic and Cenozoic formations with
possible water-bearing strata.

To develop the prognosis of the temperature distribu-
tion, a method was proposed that is based on an analyt-
ical solution to the thermal conduction equation for the
individual source (waste container). With regard to the
design stages of the repository, this method allows one
to more rapidly assess an optimal scheme for the distri-
bution of repositories. The results of this model study
showed that the thermal impact of such a repository
becomes apparent only after some one hundred years
and that the impact is practically negligible.

18.7.2 Shallow Underground Waste Repositories

Further considerations were therefore limited to the con-
struction of a shallow repository in clay formations. The
radioactive waste would be stored in shallow pits or
large-diameter wells some 50-70 m under the surface.
The following formations were selected:

o Krakowiec clays (Tertiary period - Sarmatian) in
southeast Poland (No. 3); and

¢ Spotted clays (Tertiary-Pliocene) in central Poland
(No. 2).

An analysis of the population conditions and physical
management was carried out at these sites.

18.7.3 Superficial Waste Repositories

The existence of outwash sands that are located in boul-
der clays were selected as a favorable location for super-
ficial waste repositories. The most favorable location on
the watersheds of rivers is also essential. A study was
carried out at ten locations using the methodology rec-
ommended by the International Atomic Energy Agency
for the pre-selection and selection stages. The prospec-
tive areas were separated from major regions for further
detailed analysis. An evaluation of the usefulness of the
areas selected was carried out, in relation to an analysis
of geographic conditions, on the basis of the existence
of conditions that would exclude or limit the area itself.
The characteristics of the areas were analyzed in terms
of the following issues:

¢ Geological setting and hydrogeological conditions;
¢ Geodynamical processes;
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Potential of raw materials;

¢ Hydrology;

Meterology and climate; and

¢ Environmental management and protection.

Most locations were concentrated in central Poland (No.
1 on Fig. 18.1) within an area where favorable climatic
conditions for a superficial repository prevail. The fol-
lowing conditions were considered to be preclusive fac-
tors:

¢ Presence of legally protected areas (reservations,
national and landscape parks);

¢ Areas with planned regional limitations on physical
management;

¢ Areas under the influence of a concentrated ground-
water exploitation;

o Areas with imminent 100- and 500-year floods;

¢ Areas where the subsurface waters are highly miner-
alized; and

 Areas with shallow groundwater.

An analysis of the social and economic conditions were
also carried out in some of the locations. At the same
time, attempts were made to obtain social acceptance for
locations selected for a superficial repository.

18.8 SumMMARY

The nuclear energy development program in Poland is
still not precisely defined, but it is clear that any further
advancement in the field of nuclear technology cannot
be pursued without solving the waste isolation problem.
For the future of the national economy, there is a need
for serious consideration of this source of energy. An
increase in environmental protection studies is now
quite evident and results in an enforced continuation of
previous research concerning the the location and docu-
mentation of new repository sites.

The results presented in this paper are concerned pri-
marily with the preselection stage. Only in the case of
superficial radioactive waste repositories are some ele-
ments of the selection stage being investigated. Within a
period of about ten years, the next studies will concen-
trate on the choice of possible locations for underground
and superficial radioactive waste repositories. It is evi-
dent that, after potential sites have been selected, quite
different programs of time-consuming research will be
required for each of these types of repositories.
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CHAPTER 19

PROGRAM OF GEOLOGICAL DisposaL OF SPENT FUEL AND
RADIOACTIVE WASTES IN SLOVAK REPUBLIC

Jan Timul’ak

Decom Slovakia s.r.o., Trnava

19.1 INTRODUCTION

19.2 HISTORY OF PROJECT DEVELOPMENT

The present stage of spent fuel and high level waste
management is a development from the nuclear cycle
strategy of the former Czech and Slovak Federal
Republic (CSFR). This concept was based on intergov-
ernmental agreements between former CSFR and the
Soviet union (USSR) on cooperation and assistance dur-
ing construction and operation of Czechoslovak nuclear
power plants (NPP). The cooperation program between
CSFR and USSR provided for confirmed unpaid trans-
port of spent fuel to USSR during the whole time peri-
od of operation of Czechoslovak NPP’s. Up to 1988,
about 700 assemblies of spent fuel were transported to
the USSR.

Fulfillment of the above agreements was not fixed in the
USSR approach. First, there was a prolonged period of
spent fuel storage on CSER territory, and after the polit-
ical changes, new transport conditions, abandonment of
unpaid transport, and a decrease of assembly pieces ded-
icated for transport. As a result, the Slovak Power Plants
company decided to construct long period spent fuel
storage. Wet storage is used in this operation and its
capacity is 600 tHM (5,040 pieces of fuel assemblies).

The main reason for changing the original strategy of
high level waste and spent fuel management was the
abandonment of unpaid spent fuel transport after the
political changes in the Russia Federation. With respect
to the present economic situation in the Slovak
Republic, it is impossible to decide on a new strategy in
this field. Therefore, the Slovak Power Plants company
decided to solve the problem with interim storage of
spent fuel for approximately 50 years and start prepara-
tion of deep geological disposal of high level wastes and
spent fuel under the conditions of the Slovak Republic.

The history of repository development designed to
accept high level and long lived radioactive wastes and

-spent fuel started two decades ago. At that time the

Nuclear Research Institute Rez (Czech Republic) issued
some basic policies concerning the conceptual and safe-
ty aspects of a deep geological repository.

The year 1984 became a turning point for the intensifi-
cation of activities towards underground facilities.
Initiated by Energoproject with participation of Gas-
project, and Construction Geology, the Nuclear
Research Institute and other companies examined the
possibility of constructing a deep silo (over 500 m) for
reactor waste from NPP Dukovany and later NPP
Temelin. Even though the project was abandoned, it pro-
vided valuable experience from the fields of geology,
safety studies and contacts with the public.

Further activities, stimulated mainly by the need for pro-
cessing waste arising from the decommissioning of NPP
A-1 in Jaslovske Bohunice, were more precisely
defined. They sought tools usable for evaluating the
acceptability of sites, the solicitation of proper regions
on the basis of archival data, and the extension of possi-
bilities to provide safety analysis. The leading compa-
nies performing these activities were Geoindustry,
Central Institute of Geology, Institute of Geophysics,
Nuclear Research Institute, Nuclear Power Plant
Research Institute, Dionyz Stur Geological Institute and
others. One of the achievements reached was a basic
evaluation of the Slovak territory for purposes of siting
a deep geological repository.

It is reasonable that works aimed at the geological
repository were performed by a number of institutions,
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and their costs were covered from different sources.
This led to a certain heterogeneity of activities and as a
consequence an incongruity and incoherence in the
results obtained. Therefore, urged by a need to initiate a
program of spent fuel management, which arose after
the political changes in Europe, the Federal Ministry of
Economy of CSFR started the preparation of a technical
program initiating the most urgent works in 1992. The
purpose was to concentrate available agencies in a con-
sistent, centrally coordinated contract. In the course of
preparing this task, practically all central organizations
involving contractors, as well as most research bodies
active in waste management as suppliers, were involved.
Firstly, the technical content of the project was defined
and then, as a result of competition, the Nuclear
Research Institute was appointed as coordinator.
Unfortunately, due to the division of Czechoslovakia,
funding of the project collapsed. To promote the prima-
ry purpose of the project, in the spring of 1993, the
Czech Power Company and the Slovak Power Company
decided to order a study on, “The plan for development
of a deep geological repository” and to share its expens-
es equally.

In view of the importance of the report for further
progress in repository development in the future, it was
decided that the contractor should ensure an internation-
al review of the prepared document. For this purpose, a
contact was established with the administration of The
Nuclear Cycle Division of the International Atomic
Energy Agency, which advised that the government ask
for an evaluation within the Waste Management
Assessment and Technical Review Program (WATRP).
The results of the mission were attached to this study as
a separate document in December 1993.

After the division of CSFR, work on development of
deep disposal of high level wastes and spent fuel in
Slovak Republic started only at the end of 1995.
Because of the developments since 1993 in world-wide
experience with deep disposal, and because the original
project was elaborated for conditions in the former
CSFR, the first step in continuing the work was the need
to revise the original project for deep disposal develop-
ment and adapt it to conditions in Slovakia.

19.3 PURPOSE OF PROJECT

The main goal of the revision was to specify the main
bounds among the particular tasks of deep disposal
development. This means taking into account all
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requirements for site selection, near-field and far-field
interactions, quality assurance, safety analyses, the role
of the public as well as design studies and licensing
steps under the conditions of the Slovak Republic. The
requirement of the customer was to compile a basic
overview of activities aimed at the construction of a
deep repository designed for spent fuel and for long
lived and high level wastes. Especially, the research,
development and design phases were to be thoroughly
elaborated so that connections within each topic as well
as between different problems are respected.

The technical characteristics of solutions for each topic
had to be completed with consideration for time and
economy; however, there are some doubts about the reli-
ability of both tasks. The reason is simple. Development
of the deep repository needs a very long time (tens of
years), and thus, it is possible to make only extremely
rough estimates of the time demands, and as a conse-
quence, the economical needs of particular tasks.
Furthermore, the time consumption is often dependent
on non-technical issues, such as: the influence of public
acceptability of particular solutions, licensing period,
changes in development procedures due to political
decisions, probability of receiving unacceptable results
following the repetition of a certain volume of work,
consequences of changes in legislation, etc.

The next requirement of the customer was to postulate
in detail a 5-year program of work respecting the pro-
grams in progress, underlining within each topic the
main activities that could, when postponed, retard solu-
tion of other development problems, and initiating new
key tasks that have not yet been started.

The document, which is the result of the deep disposal
project revision, will serve as a guide for all necessary
research and development procedures that must be coor-
dinated, and completely and equably answered in all
aspects.

19.4 RESULTS OF PROJECT REVISION

To reach all claims during a very short period, the fol-
lowing procedure has been adopted:

+ a philosophy of the study was selected that consists
in parallel solutions of particular tasks by working
groups supervised by an institution and a specialist
experienced in waste disposal;

s some comprehensive problems were defined and
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supervisors for each of them were nominated;

¢ nearly every three weeks, coordination meetings
were organized in which the progress and results
obtained were evaluated and critiqued, and goals for
the next period were set up; and

s+ the final versions of the respective parts were com-
piled in this document and completed by introducto-
ry chapters and annexes.

The above mentioned procedure resulted in a structure
of the document which describes a gradual improvement
in each problem in connection with new developments
in the field of deep disposal as well as their adaption to
conditions in the Slovak republic. It is clear mainly
when inspecting the diagrams. The diagrams are com-
plemented by commentary that should explain the con-
tent of each of the activities. Its other role is to mention
problems that could not be easily read from a diagram.
The description of each particular task contains discus-
sion about the economical and time aspects for the solu-
tion of the topic.

The detailed 5-year plan of activities describes the solu-
tion for each particular task in the development of spent
fuel and deep disposal of high level waste until the year
2000. The plan contains concrete data on time and econ-
omy that are necessary for the deep disposal project
realization. The main aim of the short-term plan is to
show waste producers, as well as contractors of revi-
sions, an extent, a content and a cost of anticipated
works for the preparation of the deep repository con-
struction. In this way, the plan can serve as a back-
ground document for planning purposes.

The basic result of the project revision, in which the
solution of the whole project is shown, is a “Diagram of
deep repository development” (Fig.19.1). This diagram
is vertically divided into the main particular tasks, fol-
lowing the text of this report. Horizontal divisions indi-
cate a time succession of activities in each topic and, to
a certain level, it also parallels the implementation of the
main works. It should be mentioned that the diagram is
significantly simplified and that the time axis is not lin-
ear, which means that there is no correspondence with
real timing of the topics being considered .

The diagram shows one interesting point. Practically
every particular task, such as research and development,
consists of several phases. They include construction,
operation and closure of a facility, and they even include
some data on the course of a final evaluation of safety
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and reliability of the system. When considering that this
concerns a time period of more than one hundred years,
then the role of a coordinator of all activities, credible
working groups, and uncompromising control, supervi-
sion and licensing bodies must be stressed.

The main branch of the diagram is connected to a topic
“Design activities and construction”. This line compris-
es all principal decision processes. It also includes the
key outcomes, design studies and designs, and construc-
tion procedures. It can be stated that the other main par-
ticular tasks provide the necessary data for decisions of
a designer concerning the final solution of an under-
ground repository and auxiliary facilities.

Geological works are connected to an evaluation of the
mobility of contaminants in the geological system (far
field interactions). Activities contained in this double-
topic are focused on selection and verification of the
suitability of a site and corresponding geological system
for construction of a repository. They also summarize
input data for safety analyses of long term behavior of
the system.

Studies of the behavior of engineered barriers, final
waste forms, packages, overpacks, sealing and filling
materials, and underground constructions (near field
interactions) are aimed at a choice of an optimum com-
position of barriers and to evaluate the effectiveness of
their retention ability for radiocontaminants. Other
species of disposed materials are to be evaluated as well
(source term). The results of these studies provide pro-
posals for material composition of repository construc-
tion addressed to designers, and data dealing with veloc-
ity, mechanisms, and probability of release of immobi-
lized species.

The task of safety analyses is to summarize and evaluate
all data received in the course of geological investiga-
tion and research, during construction and operation of
a facility, at waste treatment processes. In addition, they
lay down limits and conditions that any construction
structure shall fulfill. Elaboration of safety analysis is
the necessary condition for any licensing procedure, and
thus, it can be considered to be the absolute key topic of
repository achievement.

Quality assurance belongs to a group of activities
designed to secure the maximum level of biosphere
preservation. Its aim is to work out programs of control
and supervision of all activities connected with reposi-
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Figure 19.1a. Diagram of repository development.
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tory development and construction. The goal of these
procedures is to eliminate risks mainly connected with
the so called “human factor”.

The licensing processes are included in the particular
task "legislation connections” because these processes
influence significantly all other steps of deep disposal
development. They permit each subsequent activity;
they may on the basis of some independent evaluation
prevent the implementation of such steps. Actually, they
are connected to the formulation of claims, require-
ments, and methods. Sometimes they even set the con-
ditions, and the licensing decisions are issued using an
interpretation of these limits and recommendations for a
concrete system.

Monitoring in the diagram (Fig.19.1) is considered to be
an independent, permanently valid particular task,
although in the study, it is described in other particular
tasks. Deep disposal monitoring includes a number of
steps: radiochemical, hydrological and hydrogeological
monitoring of sites from the beginning of research; geo-
logical monitoring of a rock structure; measuring the
radiological impacts to personnel and the public; record-
ing the changes of state and behavior of barrier materi-
als; meteorological records; observation of destructive
and corrosion phenomena, etc. Interpretation of the
monitored data is one of the basic conditions required
for closure and release of the facility.

The results of particular tasks of the public may by its
consequences not only influence but completely change
any technical decision. Public involvement in the
process of developing a deep repository has at least two
aspects. First, passive, which is interpreted as an infor-
mation campaign about the repository system, design,
construction, safety, risks and advantages of its realiza-
tion. Second, active, which is an effect of public mean-
ing and also the design of the repository by independent
opinions and evaluations. A first-rate program on com-
munication with the public may simplify the achieve-
ment of the repository; on the contrary ignoring the
necessity of reaching a concensus with the general pub-
lic can completely eliminate the project.

The revised document for a project of deep disposal
development is seen first of all as a methodological doc-
ument. Particular problems of the project may differ in
their content, but the approach to their solution has some
common features, such as long-term considerations and
the principle of conservatism.
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The general feature of systems of radioactive waste
management is the long-term consideration of all
processes, activities and applicable phenomena. This is
shown by the fact that partial issues are converted into
material outputs after a long period, often reaching tens
of years. Time factors bring a number of questions to an
evaluation of the behavior of repository elements. To
answer them requires finding unusual and substitute
ways, e.g. mathematical modeling, studies of natural or
man-made analogues.

An indirect interpretation used for waste form behavior
during disposal is rather lengthy, and it involves some
uncertainty. To reach a desired level of safety and func-
tionality of the system, a principle of conservatism is
applied in any evaluations. This means that those phe-
nomena, or some combination, are considered that bring
less favorable results.

The important fact in the methodology of deep disposal
development is to have an objective approach to any
step, activity or decision. That kind of solution is pro-
vided by preparation and realization of quality assur-
ance programs. The main part of those programs is mul-
tiple opinions and evaluations of solutions. There is a
tendency to leave out this demand. This is dangerous
from two points of view. Any incorrect decision may
cause irreparable damages even resulting in canceling
the previous results, or the process of repository devel-
opment may be suspended by a qualified opposition
because of the inability technically to defend chosen
solutions.

19.5 CONCLUSION

The revision of this project is the result of the work of a
group of employees of the following institutions:
DECOM Slovakia Ltd., Nuclear Power Plant Research
Institute, Geologic office of Slovak Republic and EPG
Invest Ltd. It has been worked out under the technical
and editorial coordination of the DECOM Slovakia Ltd.,
however, separate authors are responsible for their own
sections. All of those involved have attempted to devel-
op an approach in the most objective way.

The goal of the activities was to perform a revision of
the project from the year 1993, in which must be includ-
ed the deep disposal development of the former Czech-
oslovakia, to incorporate the new world results of this
field development, to modify it for conditions of Slo-
vakia, and to add the economic and time considerations
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to the technical solution. The determination of concrete A summary of the above mentioned data in one docu-
activities through the year 2000 was an inseparable part ~ ment creates the material, which defines concrete activ-
of this methodological document. Each particular task  ities and the needs of finance to assure the required out-
of the project contains ideas about concrete activities,  put from a solution for a deep repository development

financial costs and solutions as well.

under the conditions of Slovakia.
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CHAPTER 20

GEOLOGICAL ASPECTS OF SITE SELECTION FOR LOW AND INTERMEDIATE
LEVEL RADWASTE REPOSITORY IN SLOVENIA

Borut Petkovsek’, Dusan Marc?, and Igor Osojnik®

1. National Civil Engineering Institute, Ljubljana, Republic of Slovenia
2. Agency for Radwaste Management, Ljubljana, Republic of Slovenia
3. Slovenian Nuclear Safety Administration, Ljubljana, Republic of Slovenia

Abstract. According to the guidelines for a low and intermediate level radwaste repository site selection in Slovenia,
the siting process has been divided into four steps. The first three steps of the surface site selection were completed
in 1993. A set of the most exclusionary geological criteria to be applied in selecting the surface site is described.
Some reasons for the failure of this process are also described. Since the fourth step was stopped due to strong pub-
lic opposition, an alternative of underground disposal is now being considered. In 1994, the Agency for Radwaste
Management started the preparation of basic guidelines for underground repository site selection. Joint recommen-
dations, that consider both surface and underground site selection parameters, are now being developed in the

Slovenian Nuclear Safety Administration.

20.1 INTRODUCTION

The guidelines for the selection of a low and intermedi-
ate level radwaste (LILW) disposal site were setup in
1991. The guidelines that were announced included
rules according to which, under the given urban and
social conditions, the most suitable site for the shallow
ground disposal of LILW in Slovenia would be selected.
Both the existing world-wide experience and the nation-
al regulatory conditions in Slovenia were considered in
creating these guidelines.

In selecting disposal sites, it was necessary to have a
detailed knowledge of the process of migration of cont-
aminants into the biosphere. Slovenia has a very sophis-
ticated geological and tectonic setting dominated by var-
ious combinations of geological structural elements
such as: faults of different type and age, overthrusts,
folds, naps and lateral transformations of different litho-
logic units. In most cases, it was very difficult to deter-
mine the migration of radionuclides in underground
water. Thick layers of impermeable rocks are the only
reliable natural barrier in such geological and hydroge-
ological conditions.

However, the requirements given by the guidelines are
that a shallow disposal site is to have rocks of low per-
meability in the basement, and a distance to the under-
ground water table that is as large as possible. Sites with
these geological conditions, such as saturated clay

marls, were the only ones selected as being acceptable.
These rocks, regardless of fracturing in neighboring lay-
ers, provide a sufficient natural barrier to prevent migra-
tion of radionuclides.

20.2 SITE SELECTION PROCESS FOR LILW

The procedure used in selecting disposal sites was divid-
ed into three steps containing 43 criteria. In a final
fourth step, the technical confirmation was based on a
detailed field examination of the geology, hydrogeology,
and seismology of the site. Each step was terminated by
a presentation to the public of the results.

In the first step, unsuitable areas were excluded by tak-
ing into consideration certain exclusion criteria, such as:
national parks, urban zones, ground water resources,
presence and location of active faults, geothermal areas,
flood areas, presence of ores, minerals, oil, gas,
hydraulic conductivity, soil composition, thickness and
extent of geologic units.

In the second step, the remaining acceptable areas were
evaluated according to land use, water resources, seis-
mic and geological criteria, so they could be further
reduced to so called potential sites.

In the third step, several of the most suitable of the
potential sites were chosen by comparing their locations
on the basis of the following criteria: population, eco-
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nomic feasibility, transport, ecological value, and public
acceptance.

In the final fourth step, a comprehensive analysis of the
most suitable sites from the third step was carried out by
applying the criteria of the previous steps and addition-
al criteria concerning the corrosion of waste containers
(biological processes, chemical properties of the soil
and groundwater), and then a detailed field investigation
was carried out to confirm the suitability of the sites.
The results of the fourth step produced one or two of the
most suitable sites that were considered to be technical-
ly confirmed. A schematic diagram of this process is
shown in Figure 20.1

20.2.1 Step One of Site Selection

In carrying out Step One, a series of overlaying maps
were used which contained areas that are defined by
seven exclusionary criteria as described in Table 20.1.
This process eliminated the unsuitable areas of the
Republic of Slovenia from further consideration.

After considering the exclusionary criteria of the first
step, the acceptable areas for an LILW repository site in
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Exclusion criteria

Step 1

Acceptable areas

Step 2

Preference criteria

L

Potential sites

L,

Preference criteria

Step 3

Candidate sites

L

Confirmation of
candidate site
by experts

Step 4

One or two
most suitable sites

Figure 20.1. Schematic diagram of the site selection
process for LILW in Republic of Slovenia.

Table 20.1. Exclusionary criteria of Step One.

Exclusion Criteria

Explanation

National Parks

Urban Zones and Settlements
Drinking Water Resources—Aquifers
Known Active Geological Faults,
Geothermal Areas and Seismicity
Flood Areas

Presence of Ores, Minerals, Oil and Gas

Geological and Lithological Soil Composition

The areas defined as national parks are excluded.

Excluded are all areas defined as settlements with more than
5000 inhabitants.

Excluded are all areas defined as drinking water resources.

Excluded are all areas located on a known active fault at a
distance up to 3 km and the areas where the expected earth-
quake acceleration exceeds 0.3 g.

Excluded are areas which are located in an area of 500 year
floods.

Excluded are areas with proven resources of ores, mineral,
oil and gas.

Excluded are the areas where surface homogeneity of layers
is smaller than 300x300 m and the quotient between the
thickness and hydraulic conductivity of layers is smaller
than 5 x 10° s. Excluded are lithological layers having a
hydraulic conductivity greater than 1 x 10 ms™! and a
thickness of layers smaller than 20 m.
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Slovenia were identified. The potentially acceptable
areas were those that had not been excluded according
to any criterion of Step One. All of these areas were
considered to be equivalent, i.e., the acceptable areas
had not been assessed and evaluated. Figure 20.2 shows
the locations of the acceptable areas after the application
of the first step.

20.2.2 Step Two of Site Selection

In carrying out Step Two, the preference criteria were
divided into four groups: geological, seismic, land use,
and potential water management. These criteria were
then applied to the acceptable areas selected in the first
step.

The following geological preference criteria were
applied:

« Presence of groundwater;

« Site seismicity;

¢ Presence and vicinity of active faults;

+ Exploitation of ores/minerals, oil and gas;
o Areal extent of host rock;

e Thickness of rock mass;

* Soil instability;

 Erodibility;
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* Rock composition and hydraulic conductivity;
» Angle of slopes; and
» Radionuclide paths to the biosphere.

The result was the selection of 36 potential sites occu-
pying a total area of approximately nine km?.

The examination of the potential locations was per-
formed at the end of the theoretical studies to verify the
procedure, and to determine discrepencies in the results
obtained. This examination resulted in an expert con-
clusion that: (a) five locations are not suitable for the
construction of a repository, and (b) another five loca-
tions are only suitable for a tunnel type repository and
not for a surface type as previously envisioned. One
potential site, suitable for both types of repository, was
also identified and considered in further analysis.

The results of the second step of surface repository site
selection were reviewed by a group of experts that con-
firmed the accordance of the procedure with the guide-
lines.

20.2.3 Step Three of Site Selection.

In the the third step, five candidate sites were selected
among 36 potential sites from the second step. The

Acceptable areas
Quaternary
Tertiary
Cretaceous
Jurassic

Triassic

Paleozoic

Igneous rock
Metamorphic rocks
Main faults

. |HNHNEE00e

0 10 20 30km

Figure 20.2. A generalized geological map of Slovenia with acceptable areas after the application of Step One.
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method of assessment was based on the repeated use of
the criteria from the first two steps. In addition, prefer-
ence criteria concerned with economic and technical
feasibility, transport, and social acceptability were con-
sidered as well.

One of the selected sites was found to be suitable for a
surface repository, two, for a tunnel repository, and the
remaining two sites were appropriate for either type of
repository, surface or tunnel. The main geological char-
acteristics of the sites are summarized in Table 20.2.

In accordance with the practice from previous steps in
this procedure, the results were presented to the public.
The presentation was not successful and has provoked
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strong disapproval within the local communities. Their
representatives declared that waste disposal in the vicin-
ity of their communities was not acceptable. It was evi-
dent that public acceptance of the candidate locations
could not be achieved. Therefore, it was impossible to
proceed to the fourth step in which the most suitable
locations could be verified and approved by the experts.
The project was stopped.

20.3 DID APPLICATION OF GEOLOGICAL CRITERIA
INFLUENCE AN UNSUCCESSFUL SURFACE
REPOSITORY SITE SELECTION?

1t is clear the natural site characteristics play an impor-
tant role in the selection process for a radioactive waste

Table 20.2. The main gelogical characteristics of the sites.

Site 1 Site 2 Site 3 Site 4 Site 5
Main Geological Surface Tunnel Tunnel Surface or Surface or
Characteristics Repository Repository Repository Tunnel Repository Tunnel Repository
H Rock Type Sandy marl Sandy marl Sandy marl Marl Marl
Permeability (m/s) 10%-10-1 10°-1011 109-10°1! 10'<K<10% 101<K<10?
° Relative Porosity (%) 22 22 22 20-33 20-33
S | Thickness of Layer (m) 300-400 300-400 300-400 50-400 50-400
T Areal extent of Rock 11 332 104 19 28
Mass (ha)
Angle of Slope (°) 10-20 5-20 5-20 10-15 10-20
Erodibility (mm/300 yrs.)4.2-5.4 3.2-75 6.4-8.6 5.4-6.4 4.2
R | Point Load Index I, 0.87-1.94 0.87-1.94 0.87-1.94 0.09-0.31 0.09-0.31
(50) MN/m?
0 Unconfined Compres-  17.17-42.71 17.17-42.71 17.17-42.71 1.99-6.73 1.99-6.73
c sive Strength (MPa)
Q=221
K | Natural Volume 20.95 20.95 20.95 18.22-19.43 18.22-19.43
Weight (KN/m?)
Distance from Active 34 34 3-4 3-4.6 3-4.6
Fauits (km)
Max. Expected Horizontal 190 190 190 250 250
Acceleration in a Time
Period of 1000 years (cm/s?)
Max. Expected Local 8 7-8 7-8 8 8
Intensivity in a Time Period
of 1000 years (MCS)

200




repository site, and that a site within an appropriate geo-
logical environment is, to a great extent, based on geo-
logical conditions.

But geological criteria, applied to the process of select-
ing a surface repository site in Slovenia, used only prop-
erties of the geological barrier and took no account of
the other two barriers, i.e., conditioned waste and engi-
neered barriers. In other words, the objective of finding
a site for a surface repository was fo find a location with
geological properties (natural geological barriers),
where engineered barriers would not necessarily be
used to achieve the safety standards. This was certain-
ly the most economic way for repository construction,
but on the other hand, the site selection was exception-
ally difficult.

The siting process applied highly quantitative exclu-
sionary or preference geological criteria, i.e., geological
criteria were stated with numerical values of the geolog-
ical parameters, that made the whole siting process very
inflexible. Some geological criteria, according to their
“importance” (according to the size of the excluded
areas in surface repository site selection) are presented
and described in the following.

The criterion of “active faults” as a single tectonic
exclusionary criterion has eliminated 97% of Slovenia
for the purpose of siting a repository. To meet this cri-
terion, areas located in the vicinity of a known active
fault at a distance up to three km were unsuitable.

Considering the same criterion in the second step, i.e.,
presence and vicinity of active faults, acceptable areas
from the first step ranged over the following distances:

¢ Unsuitable sites, where the site was to be located on,
or near a fault, at a distance up to 3 km;

¢ Less suitable sites, where the distance from the fault
is 3 to 8 km; and

¢ Suitable sites, where the distance is greater than 8
km,

It should be noted that up to the third step, the work
included office work only, and no site investigations
were performed to confirm activity of the faults.

Although Slovenia lies in a seismic territory, and tec-
tonic causes of seismic activity, i.e. surface faults, are
distributed all over Slovenia, there is a basic question
(that could be discussed) whether the application of a
uniform step-off distance is a matter of policy rather
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than being grounded on technical principles. Without
detailed site investigations, it is difficult to select suit-
able locations, and the geological properties of specific
sites must first be confirmed through field investiga-
tions.

According to the criterion for “Active faults”, the
WAMAP mission’ recommended that at an early stage,
it is important to decide on the definition for an active
fault and the significance that rock structure could have
on the integrity of a repository over its 300-year assess-
ment period. Itis necessary to have a single representa-
tive data base, or set of maps, supporting the interpreta-
tion and application of this criterion.

A similar situation occurred in the first step in connec-
tion with the “Lithology” criterion, where rocks with a
hydraulic conductivity greater than 10 m/s, a thickness
of layers less than 20 m, and a seismicity where earth-
quake accelerations greater than 0.3 g would be expect-
ed, were recognized as unsuitable. In further analysis,
the Lithology of acceptable areas was compared consid-
ering the preference criteria “Areal extent of host rock”
and “Thickness of rock mass”, where the area suitabili-
ty increased with extent (greater than 300 x 300 m, i.e.,
9 ha) and layer thickness (more than 20 m). Again, this
site analysis only involved office work. No field investi-
gations, to confirm exclusive parameters for the rocks,
was made.

In considering the preference criteria “Site seismicity”,
acceptable areas ranged between unsuitable (where the
expected earthquake accelerations a_, exceeds 0.3 g for
a period of 1,000 years), less suitable (a,,, =0.15t0 0.3
g) and suitable (a_, is less than 0.15 g). The maximum
horizontal ground acceleration for the territory of
Slovenia was evaluated with a probabilistic seismic haz-
ard analysis.

The mission report® suggested that in general, an appli-
cation of highly quantitative exclusion or site preference
criteria, especially at an eaily stage of the selection
process, was not recommended.

Quantitative criteria, as applied in the siting process and
as described above, can only be used where quantitative
data are available to justify their use, i.e., data confirmed
by site investigations. Much of existing technical data is
regional (non-site specific) and qualitative in nature as
well. Some criteria, used in the first (exclusionary) step
simply assume certain site specific data, which would
only be available in the necessary detail after a careful




site investigation. Such criteria should therefore be left
to the appropriate later steps in repository siting?.

It is very important to recognize the uncertainties in
understanding the geology during the siting process,
when data are based only on office studies. The actual
site conditions may be significantly different from those
envisaged, and as a result, the site selection process
must remain flexible enough in order to accomodate
unexpected features. More confidence can be placed in
sites selected in a location where the geological struc-
ture is non- or less complex.

20.4 NEW APPROACHES

According to the fact that the necessity for the final dis-
posal of low and intermediate level radioactive wastes is
growing, the final location of the disposal site should be
selected within the next five to ten years. The existing
wastes are temporarily stored in interim storage facili-
ties located at the Krsko nuclear power plant.

It is obvious that problems concerning final disposal of
LILW should be solved in a satisfactory manner in the
near future. Solutions for this® problem are being
searched for in the following directions:

1. In verification, new estimates and corrections of the
three most exclusionary geological criteria (active
faults, seismicity, and hydrogeological parameters),
but the most important features have been revealed in
the application to sites for final waste disposal.

2. In considering the newest techniques and technolo-
gies that have been developed in disposing of, and
protecting, radwastes in the developed countries, and
in reconsidering geological criteria in this new light.

3. In taking into consideration the possibility of under-
ground waste disposal of LILW in geological struc-
tures, and in this way minimizing the risks arising
from the seismicity and activity of fault zones.

In the analysis of the reasons for failure in the first cam-
paign, it appeared that there was a bad coordination
between experts in the different fields of science. For
example, geologists considered “impervious” rock as
the only suitable rock for a disposal site, regardless of
the possibility of using engineered barriers (such as,
canisters, filling materials, etc.). It is well known that
over a period of 300 years, which is the time necessary
for the radioactivity to decay to normal levels, it is pos-
sible to produce effective engineered barriers.
Therefore, the requirement for an “impermeable” base-
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ment beneath the deposit is no longer necessary. On the
contrary, in some repositories, such as Centre de I’ Aube,
a permeable basement is part of the design of the facili-

ty.

The Agency for radioactive waste disposal in Slovenia
has also noted this deficiency from the first campaign.
The new approach was therefore to provide some basic
technology to the experts who don’t have much experi-
ence in dealing with problems of packing and deposi-
tion. In this way, the Agency expected to ameliorate the
cooperation of these experts with that of others.

In accordance with this new policy, the Agency has redi-
rected geological experts to review the new technologies
in the field of radwaste disposal in the developed coun-
tries. A series of such reviews have been carried out in
which the first aim has been achieved; the geological
experts of today are well acquainted with the technolog-
ical possibilities and requests for construction of sur-
face, or underground, disposal facilities. In addition, the
Agency has made it possible for some of the experts to
visit existing sites, and to meet other geologists and
experts in other fields of science at international confer-
ences. In this way, our geologists not only gathered new
data, but also established contacts with colleagues from
different European countries, exchanged opinions and
learned new ways of thinking. It was especially useful
for us to learn of unpublished experiences (both good
and bad) that led to the solution of problems on multi-
national projects (such as the underground laboratories
at Mol in Belgium, Grimsel in Switzerland, etc.).

Based on this new knowledge, a set of six possible types
of disposal facilities has been defined for Slovenia,
which include geological and rough technological con-
ditions. They provide a basis for new considerations
and estimations in carrying out campaigns of field inves-
tigations.

The existing criteria from the first campaign have been
thoroughly reexamined. The result is a new approach in
the evaluation of the exclusionary criteria. The philoso-
phy has changed; the elimination of a site or a region on
the basis of a certain criterion should be based on direct
or indirect evidence.

There is another novelty in our way of thinking; we no
longer look for the geologically best location, but for all
acceptable locations. In this way, these locations are
also available for analysis using other necessary criteria.
‘We no longer have criteria for site selections or the elim-
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ination of territories, but guidelines that can give us an
indication of possible problems. This approach does not
limit our decisions in advance, and thus enables a more
flexible treatment of the site selection process.

Since the site selection process for a surface repository
has been stopped, this new approach is more likely to
gain public acceptance by disposing of radioactive
wastes in an underground facility.

The expansion of the site selection program to include
an underground disposal facility gives us another possi-
bility, and is the result of the new approach over the last
few years. New geological guidelines for underground
low and intermediate level waste disposal have been
made and revised, and on this basis, new geological
guidelines for surface disposal of LILW have also been
remade.

Since some geological criteria are more important and
can be more applicable to underground than to surface
repository site selection (or vice versa), the proposed
criteria differ, in many respects, from those for surface
site selection. With regard to seismicity for example,
underground structures are less susceptible to seismic
disturbances than surface structures due to the fact that
effects from earthquakes diminish with depth. Different
transport pathways for radionuclide migration through
groundwater to the biosphere should be considered in
both site selection processes as well.

By placing the disposal system underground in rock
means, on the one hand, having the possibility to mini-
mize the influence of the most selective criteria used for
a surface repository; and on the other hand, providing an
underground disposal facility that, hopefully, would be
more acceptable to the public.

The new proposed guidelines for underground LILW
disposal consist of the following main parameters. (We
are presenting them here to show the differences with
the first criteria used in the selection process for a sur-
face site.)

» Geological rock structure
- volume
- simplicity
« Lithology
» Hydrogeological conditions
- permeability
- hydraulic gradient
Migration
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- geochemical properties of rock and soil
- geochemical properties of groundwater
» Active endogenetic processes
- seismicity
- recent fault movements
- volcanoes
* Rock disturbance
- human reasons
- natural reasons
» Potential resources
- value
- genesis
- technology
» Geomorphologic stability
- surface stability
- water degradation processes
- extreme climates
» Geomechanical conditions

The Agency for radwaste disposal, being responsible for
the site selection process in Slovenia, will have to use
this new approach and also help it to find its way to the
public. Reports of all studies made are available in the
Central Technical Library, and summaries of these stud-
ies are translated into English. This enables all con-
cemed to be kept informed about the dangers, scientific
approaches, and other work done on prevention and on
site location for a disposal facility.
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CHAPTER 21

RADIOACTIVE WASTE MANAGEMENT IN SPAIN
MAIN ACTIVITIES UP TO THE YEAR 2000

Carlos del Olmo

Empresa Nacional de Residuous Radioactivos, S.A., Emilio Vargas, 7-28043
Madrid, Spain

21.1 INTRODUCTION

In 1995 there were nine nuclear power stations in oper-
ation in Spain with a total capacity of 7.4 GW, supply-
ing about 36% of the Spanish electrical energy. At pre-
sent, spent fuel from the nuclear power plants is stored
on site in pools constructed for this purpose. As of the
end of 1993, there were 1457 tU of spent fuel.

The estimate of the total volume of high level wastes,
spent fuel, that will have to be managed in Spain is up
to 11,700 m? (40 years of expected life). Total volume
of LLW is expected to be about 200,000 m? of which
about 137,000 m? will be from the dismantling of power
plants.

The strategy and main activities for the definitive dis-
posal of high level, long lived wastes are given in the
General Radioactive Waste Plans (GRWPs). Following
a period of intermediate storage of these wastes, their
transport and encapsulation, they will be disposed of in
a deep geological formation. Transport of the spent fuel
will be carried out by ENRESA as the responsible
authority, either using the company’s own resources or
through specialized firms.

Waste conditioning or encapsulation will be carried out
at a plant that is planned to be constructed on the same
site as the disposal facility. The technique to be used for
disposal will be based on a programme of study,
research and international co-operation.

Disposal of LLW, will continue in the “El Cabril” facil-
ity, which has been in operation since 1992.

The legal framework governing radioactive waste stor-
age facilities and radioactive or nuclear installations in
Spain is established by the Nuclear Energy Act 25 of

1964 and the Regulations on Nuclear and Radioactive
Installations of 1972.

The “Consejo de Seguridad Nuclear” (CSN), the
Spanish Nuclear Safety Council, was constituted in
1980 as an organization existing under Common Law,
independent from the Central State Administration.
CSN has its own legal standing and corporate assets
independent from those of the State, and is the only
body in Spain with responsibility in the fields of nuclear
safety and radiological protection.

The management of radioactive wastes in Spain is
undertaken by “Empresa Nacional de Residuos
Radioactivos, S.A.” (ENRESA), the Spanish national
radioactive waste company, constituted in 1984. Eighty
percent of the company is held by the Spanish Centre
for Energy, Environmental and Technological Research
(CIEMAT), previously known as the “Junta de Energia
Nuclear” (Nuclear Energy Council).

21.2 LoOWw AND INTERMEDIATE LEVEL WASTES

The strategy applied to low and intermediate level
wastes continues to be based on a one-to-one relation-
ship between the disposal facility and the wastes them-
selves. Two major courses of action have been estab-
lished. The first includes the conditioning, transport and
characterization of radioactive wastes and correspond-
ing acceptance criteria, as well as the inspection criteria
and procedures required to guarantee compliance. The
second includes the design, construction and operation
of the disposal facilities.

ENRESA was awarded a Provisional Operating Permit
for the Extension to the Nuclear Installation for the
Disposal of Solid Radioactive Wastes located in Sierra
Albarrana by a Ministerial Order issued on 9th October
1992. As a result of this award, the installation in ques-
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tion, known as El Cabril, will be used over some 20
years for many of the stages involved in managing the
LILW generated in Spain, such as conditioning, charac-
terization and disposal. This waste constitutes a new
operating stage of special relevance in our country.

21.2.1 Waste Conditioning, Transport,
Characterization and Acceptance.

Except in the case of the minor producers, the previous
treatment and conditioning of low and intermediate
level wastes is the responsibility of the producer, who is
obliged to generate packages satisfying the acceptance
criteria defined by ENRESA for subsequent condition-
ing and disposal at the El Cabril facility. In the case of
the minor producers, waste treatment and conditioning
is carried out at the aforementioned facility.

Transport of the wastes is carried out by ENRESA as the
responsible operator, either using its own resources for
the removal of wastes generated by the minor producers,
or the services provided by specialist companies in the
case of conditioned wastes.

The contracts signed between ENRESA and the waste
producers include the criteria and technical specifica-
tions to be considered in relation to the characterization
and acceptance of wastes for subsequent disposal at El
Cabril.

A key component in the process of waste quality verifi-
cation, which to date has been mainly performed
abroad, has been the construction in Spain of a Low and
Intermediate Waste Quality Verification Laboratory for
performance of the corresponding tests (destructive test-
ing, verification, characterization, etc.). This laboratory
is part of the El Cabril installations, along with the
Disposal Structure Conditioning Plant and other
Services.

21.2.2 Disposal of Low and Intermediate Level
Wastes

With a view to ensuring the disposal of the low and
intermediate wastes produced in Spain, ENRESA oper-
ates the El Cabril centre, located in the province of
Cérdoba; an extension of the works at this facility was
completed in 1992.

El Cabril incorporates the most advanced technologies
used for this type of installation. Technically, the facili-
ty is based on a system of shallow disposal with engi-
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neered barriers, similar to the French model. This sys-
tem guarantees compliance with the necessary safety
objectives and criteria, such that there will be no signif-
icant radiological impact during the period required for
the activity of the wastes to decay to harmless levels.
The facility is made up of the following buildings and
structures as shown on Figure 21.1:

1. Low and intermediate level waste Conditioning
Building, which houses the necessary treatment and
conditioning systems (compaction, incineration,
manufacturing of hydraulic conglomerant, etc.) for
the liquid and solid wastes arising from the applica-
tion of radioisotopes in medicine, industry, agricul-
ture and research; the solid wastes from CIEMAT,
Juzbado Uranium Concentration Plant and the
nuclear power plants, and the wastes generated at El
Cabril itself as a result of operations.

2. Disposal Structures for the duly conditioned low and
intermediate level wastes from the Spanish nuclear
and radioactive installations. These structures consist
of cells aligned in two rows along two esplanades; it
is estimated that their capacity will cover Spain’s
needs until the end of the first decade of next centu-
ry (see Fig. 21.2 for layout of disposal platforms).

3. Quality Verification Laboratory where the processes
of characterization, testing and control of the charac-
teristics of radioactive packages received or condi-
tioned at the facility are carried out, and for research
activities aimed at enhancing the processes of low
and intermediate level waste conditioning and char-
acterization.

4. Services and Control Building where industrial safe-
ty, reception, technical services, general services,

" maintenance workshop, concrete container manufac-
turing and administration are carried out.

The El Cabril facility has been operational since
October 1992, when the buildings and structures
described above were constructed and the necessary
assembly operations and tests were performed.

Up to that date, ENRESA had stored the conditioned
low and intermediate level wastes from CIEMAT and
the minor producers in the surface modules of the old El
Cabril installations. In recent years, these modules have
also been used for packages from the José Cabrera,
Santa Marfa de Garofia and Ascé nuclear power plants.
The other (conditioned) low and intermediate level
wastes generated in Spain are temporarily stored at the
producers’ authorized on-site installations awaiting
transfer to El Cabril.
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Figure 21.3. European catalogue of geological formations in Spain having favourable characteristics for disposal

of HLW.

All this makes Spain one of the few countries, along
with France, United States, Sweden, United Kingdom
and Japan, to possess an overall capacity for manage-
ment of low and intermediate level wastes produced by
the country’s nuclear power plants and some one thou-
sand smaller installations (hospitals, industry, etc.) from
a modern environmental point of view.

21.3 HIGH LEVEL WASTES

In Spain, high level wastes are understood to be the non-
reprocessed spent fuel from nuclear reactors, the excep-
tion being the fuel from Vandellés I NPP, which has
been sent to France for reprocessing.

In view of the overall open cycle strategy applied to this
fuel in Spain, there are basically two types of high level
wastes which will have to be managed: (a) the spent
fuel generated by the country’s light water reactor
nuclear power plants, by far the larger volume, and (b)
the vitrified wastes arising from the reprocessing in
France of the Vandellés I spent fuel.

Before the definitive disposal of these wastes is accom-
plished, it is necessary for them to be kept for a period
of interim storage in order for prolonged cool down and
decay of their isotopic activity to occur.

According to the economic studies carried out, the most

reasonable solution for interim storage of the spent fuel,
while the nuclear power plants are in operation and tak-
ing into account the plant lifetime considered, will be
for them to be stored on site at the plants where such
spent fuel is generated. This storage will be accom-
plished either in the plant fuel pool or using dry storage
techniques on site. Consequently, the date by which a
centralized temporary storage facility for this fuel
should be available will depend, fundamentally for the
time being, on the time at which the first nuclear power
plant dismantling process is undertaken, in other words,
on the service lifetime considered for these installations.

The date on which the deep geological disposal facility
enters operation will not, however, undergo any varia-
tion, regardless of whatever hypothesis is adopted
regarding service lifetime.

21.3.1 Search for a Site for Construction of
Facilities.

The process of designating a site for disposal of HLW
started in 1986 and continues today. The geological
media contemplated are granites, salts and clays. A
National Inventory of Favourable Formations (IFA
Project), has been developed during 1986-7 which con-
firms the Spanish contribution to the European
Catalogue (Fig. 21.3), and a selection process known as
the “High Level Regional Studies” (ERA Project) has

209




been drawn up. The site screening in the ERA project
has been based on geological, hydrogeological, seismic,
environmental and societal data.

The second phase of the process known as the “Study of
Favourable High Level Areas” (AFA Project), which
covered the period 1990-1995, identifies more than one
thousand municipalities with potential capabilities to
construct a HLW repository.

In the 4th General Radioactive Waste Plan (December
94) a project of law to arbitrate the procedures to desig-
nate the site of surface and underground installations is
under consideration by the government. The bill will
dictate the means of participation in the ultimate deci-
sion of State and other concerned institutions, as well as
the general public.

21.3.2 Development of Basic Design for Deep
Geological Disposal Facility.

Progress is being made in defining the conceptual
design for future surface and underground installations.
The aim of this project, which was initiated in July 1990
and is being performed by Spanish engineering firms, in
collaboration with Swedish and German organizations,
is to perform systems analyses, and to evaluate various
detailed disposal concepts and alternatives.

This entire process serves as an important central activ-
ity of the R&D programme and is needed to design and
construct the disposal facility, regardless of whatever
geological medium is chosen.

The first important milestone was the development in
1992, of a preliminary conceptual design for salt and
granite formations.

Once ENRESA analyzed the results obtained, a second
three-year phase was addressed. Its aim was to get the
disposal concept for the three formations ready by the
end of 1995, supported by a preliminary safety assess-
ment. Successive later phases are to be undertaken until
the selection of the final disposal system project is
made.

21.3.3 Acquisition of Technology and Training of
teams Required for Characterization of
Chosen Site and Construction of Disposal
Facility.

Site characterization and disposal system design and
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verification require a scientific technological support
system provided by associated R&D activities. Once
human and technical equipment have been selected by
previous R&D investigations, a further verification of
different methodologies using field studies on different
scales will be needed. These studies will provide the
necessary information for a long-term performance
assessment of the disposal system.

After the final candidate site is selected, the three above
mentioned areas of work will be directed towards the
same objective which can be summarized as follows:

1. Detailed site characterization by R&D developed and
perfected techniques. These will include surface
workings, drilling and an underground research lab-
oratory.

2. The previous disposal system design will be adapted
by preparing a detailed project to assist in its final
construction.

3. The R&D Plan will be aimed at completing the
remaining activities, particularly the safety assess-
ment of the chosen site, including specific works to
be performed on the site.

All the planned works are to be completed by year 2015
and the final disposal system construction is foreseen to
start and finish during the decade of 2020.

21.4 DECOMMISSIONING OF INSTALLATIONS

From the technological and waste production point of
view, the most significant aspect of this important man-
agement issue in Spain is decommissioning the coun-
try’s nuclear power plants. In this respect the Vandell6s
I NPPis of particular importance at this moment in
time, with decommissioning of other plants currently in
operation constituting a longer term activity.

In spite of the importance of these plants, there are other
installations, such as uranium mines, the Andiijar urani-
um mill and the La Haba concentrates manufacturing
facility in Badajoz, whose decommissioning will have
to be addressed and which are currently in different
phases of performance, as described below.

The spent fuel from the Argos and Arbi experimental
reactors was transported to the United Kingdom in 1992
for storage and reprocessing; it is foreseen that the waste
generated in the process will be retuined to Spain. As
regards the JEN-1 reactor, dismantling is currently
being addressed by CIEMAT; this organization is carry-
ing out a research and development programme in rela-
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tion to this issue, with participation by Spanish and
overseas institutions and financing by the EU. There is
also an agreement with the UKAEA for storage and
eventual reprocessing of the fuel from this reactor,
which was transported to the United Kingdom in 1992.

With regard to the issue of dismantling, special mention
should be made of the particularly important question of
the declassification of materials as radioactive wastes,
since this implies total or partial exemption from the
control systems applied to such materials, thus allowing
them to be managed by means of methods similar to
those used for conventional wastes. Work is currently
advancing rapidly at national and international levels
with a view to completing detailed development of spe-
cific criteria and methodologies for the application of
such exemption practices in Spain.

21.4.1 Closed Uranium Mines

As was pointed out in the Third GRWP, ENRESA has
carried out a study of the conditions at closed-down
mining facilities belonging to the then Nuclear Energy
Board, now CIEMAT. As a result of this study, the deci-
sion was taken to perform projects at certain of these
facilities with a view to restoring the terrain altered by
the operations, eliminating rubble tips, refilling quar-
ries, shafts, etc. and in general carrying out whatever
corrective measures might be required for the sites to be
integrated into their natural surroundings.

The so-called Action Plan for the restoration of closed
uranium mines was finalized at the beginning of 1994,
Following the corresponding evaluations, work will
begin on detailed development of the project at the
mines considered to be of interest, as a preliminary step
to performance of the field work. According to current
forecasts, these tasks will imply specific actions at 2-3
mines; such actions are to be initiated in the last quar-
ter of 1994 and completed during 1995, including the
corresponding control procedures.

21.4.2 Andijar Uranium Mill

Authorization for the decommissioning of the Anddjar
Uranium facility was awarded by Ministerial Order on
1st February 1991, and performance of planned activi-
ties began immediately. For performance of the
Decommissioning Plan, ENRESA analyzed the technol-
ogy used in other countries for this type of project and
defined the activities to be performed using the USA
UMTRAP (Uranium Mill Tailing Remedial Actions
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Project) programme, which covers 24 installations of
this type, as a point of reference.

The proposal includes dismantling of the installations,
demolition of buildings and incorporation of the result-
ing rubble into the mass of tailings, and stabilization of
the whole through reduction of banks and construction
of a cover providing protection against erosion, diffu-
sion of radon, and infiltration of water.

The design criteria and objectives contemplated relate
to the control of dispersion, long-term radiological pro-
tection, durability, the cleaning of contaminated soils,
the control of radon diffusion, protection for groundwa-
ters and the minimization of long-term maintenance.

The works were completed in May 1994, in accordance
with the existing schedule; what now remains to be
accomplished is establishment of the corresponding
monitoring programme, to be performed over the next
10 years and prior to declaration of the decommission-
ing of the facility.

21.4.3 Decommissioning of La Haba

The main activities to be accomplished at LaHaba
include restoration of the terrain affected by the mining
works, by transferring the rubble tips to the mine open-
ings and subsequent replanting, and closure of the
Lobo-G plant and the associated tailings dike. This task
consists of dismantling the installations and the stabi-
lization and covering of the dike.

21.4.4 Decommissioning of Nuclear Power Plants

Following the final removal from service of the
Vandellés I NPP, it was necessary to adjust development
of the strategies and technical activities contemplated
for this area of management in the first waste plans.
These emphasized the fact that this particular problem
was a long-term issue and contemplated initiation of
total decommissioning (Level 3) of all the Spanish
nuclear power plants five years after final shutdown of
the reactor.

Based on experience acquired in other countries, espe-
cially in France where the technology originated,
ENRESA has performed studies aimed at defining the
most feasible strategy from a technical and economic
point of view, taking into account the specific circum-
stances of Vandellés I NPP.

The following three possible alternatives were consid-




ered:

1. Maintenance of the plant in the final definitive shut-
down for an indefinite period of time. (Level 1 dis-
mantling).

2. Dismantling the conventional parts of the plant and
active parts other than the reactor and its internals
(Level 2 dismantling).

3. Total dismantling, leaving the site in conditions
allowing it to be used without any type of restriction
(Level 3 dismantling).

To date, no Level 3 dismantling process has been carried
out at any commercial plant. Consequently, this alterna-
tive may be ruled out for Vandell6s I in the short term,
owing to the technological, methodological and licens-
ing risks involved. After following a process of study
and assessment of various parameters (technological,
radiological impact, regulatory, economic, logistics and
the volume of wastes to be managed), it was considered
that the most feasible strategy for decommissioning the
Vandellés I NPP would be immediate dismantling in
accordance with alternative 2, followed by a period of
waiting, estimated to last 25 years, for completion of
total dismantling the remaining parts of the plant in
accordance with alternative 3.

The alternative chosen not only represents the most fea-
sible approach from the point of view of both perfor-
mance and impact on general waste management, but is
also backed by French experience in relation to the dis-
mantling of the two units of the Saint Laurent des Eaux
plant (SLA 1 and 2). This led to the decision to under-
take a Level 2 dismantling followed by total dismantling
(Level 3) following a suitable waiting period, estimated
at between 25 and 30 years.

At Vandellés I NPP, the programme of activities to be
performed prior to dismantling is being coordinated
with the fuel removal activities carried out by HIFREN-
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SA, such that during 1995, the detailed engineering pro-
ject and licensing process will have been completed. In
this respect, ENRESA submitted a dismantling and
decommissioning project to the Ministry of Industry and
Energy in May 1994, for its approval. This project con-
templates partial dismantling of the facility (Level 2),
which will make it possible to determine the most suit-
able period of waiting prior to initiation of the total dis-
mantling process. It is estimated that four years will be
required for completion of the partial dismantling
process contemplated in this project, as from the date of
initiation.

As regards the other light water reactor nuclear plants
currently in operation, consideration is currently still
being given, from the point of view of calculation and
planning, to the alternative of undertaking complete dis-
mantling (Level 3). This process is to be initiated
between four and eight years after final shutdown of the
plant.

REFERENCES

Ministerio de Industria, Comercio y Turismo, Third
General Radioactive Waste Plan, July 1991.

ENRESA, Second Research and Development Plan
1991-1995, Vol. I, Approach and Summary 1992.

ENRESA, Segundo Plan de Investigacion y Desarrollo
1991-1995 Vol. 1, Desarrollo del Plan de I&D, 1992,

CEC, El Berrocal Project, Characterization and
Validation of Natural Radionuclide Migration
Processes under Real Conditions on a Fissured
Granitic Environment, Reports 1 and 2, 1991.

Codelli, N. and G. Cottone, Actas de la Jornada de
Informacién PAGIS, CEC. EUR. 12676, 1989.

Ministerio De Industria y Energia, Cuarto Plan General
de Residuos Radiactivos, Diciembre, 1994.

212




CHAPTER 22

PROGRESS TOWARDS A SWEDISH REPOSITORY FOR SPENT FUEL

Per-Eric Ahlstrém

Swedish Nuclear Fuel and Waste Management Co.,
Stockholm, Sweden

Abstract. Nuclear power is producing electricity for the benefit of society but is also leaving radioactive residues
behind. It is our responsibility to handle these residues in a safe and proper manner. The development of a system
for handling spent fuel from nuclear power plants has proceeded in steps. The same is true for the actual construc-
tion of facilities and will continue to be the case for the final repository, for spent fuel, and other types of long-lived
wastes. The primary objective in constructing the repository will be to isolate and contain the radioactive waste. In
case the isolation should fail for some reason, the multibarrier system shall retain and retard the radionuclides that
might get in contact with ground water. A repository is now planned to be built in two steps, where the first step
would include deposition of about 400 canisters with spent fuel. This first step should be finished about 20 years
from now and be followed by an extensive evaluation of the results from not only this particular step but also from
the development of alternative routes before deciding on how to proceed. A special facility to encapsulate the spent
fuel is also required. Such an encapsulation plant is proposed to be constructed as an extension of the existing inter-
im storage CLAB. Finding a site for the repository is a critical issue in the implementation of any repository. The
siting process was started a few years ago and made some progress but is by no means yet completed. It will go on
at least into the early part of the next decade. When the present nuclear power plants are about to be shutdown, there
should also be facilities in place to take permanent care of the long-lived radioactive residues. Progress in siting will
be a prerequisite to success in our responsibility to make progress toward a safe permanent solution of the waste

issue.

22.1 INTRODUCTION

Sweden has twelve nuclear power reactors with 10,000
MWe electric capacity. These reactors are producing
some 70 TWh per year and from that production arises
about 250 tonnes of spent nuclear fuel. Up to 2010, it is
estimated that the cumulative amount of fuel will be
some 8,000 tonnes (uranium weight). The responsibility
for taking care of this fuel rests with the owners of the
nuclear power plants in accordance with the principle
that the producer is responsible”. The owners have
given the mission to the Swedish Nuclear Fuel and
Waste Management Co. (SKB) to execute this responsi-
bility for them.

The progress of the Swedish waste management pro-
gramme is closely monitored by the government and by
the pertinent authorities in Sweden. According to the
law, SKB has to submit a programme for research,
development and all other necessary measures in order
to be able to handle and finally dispose of the spent fuel
and other radioactive wastes arising from the operation
of the nuclear power plants. Such a programme must be

submitted at three year intervals and is then scrutinized
by the authorities and a broad set of reviewers before the
government decides on the programme. In the past, SKB
has submitted several such programmes (SKB 1986,
SKB 1989, SKB 1992, SKB 1995a). The latest pro-
gramme is still under review by the government.

As the implementation of the programme proceeds and
reaches the siting and construction phases, the same
authorities will be responsible for evaluation of the safe-
ty and giving stepwise permission to proceed towards
completion of the system.

22.2 STEPWISE DEVELOPMENT

The development of a system for handling the spent fuel
has proceeded in steps. The first steps were taken during
the 1970s when a parliamentary committee proposed the
construction of a central interim storage facility for
spent nuclear fuel and to initiate research for disposal of
high level radioactive wastes deep in the crystalline
bedrock in Sweden (Aka 1976). The research took a
great step forward with the KBS-project which was
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established in late 1976 in response to a new law. This
was the stipulation law, which required that the nuclear
power plant owners work out a plan for handling and
final disposal of high level waste from spent fuel before
the last six reactors of the power programme were
allowed to start operation. These plans became known
under their abbreviated names KBS-1, KBS-2 and KBS-
3 (SKBEF 1977, SKBF 1978, SKBF 1983, respectively).

KBS-1 addressed the disposal of vitrified waste from
reprocessing, whereas KBS-2 and KBS-3 described the
disposal of unreprocessed spent nuclear fuel. All three
studies included a period of interim storage before the
final disposal; a period of 30 - 40 years was considered
appropriate in order to decrease the thermal load on the
repository. After about 40 years, the residual decay heat
in the fuel will have decreased by about 90 % in com-
parison with one year old spent fuel. A further equally
important consideration in favour of interim storage is
the creation of flexibility and buffer capacity in the man-
agement system for the spent fuel.

In the 1980s, the Swedish programme was focused on
final disposal of the spent fuel without reprocessing.
There were several reasons. The nuclear power pro-
gramme was limited to twelve reactors. The prices for
natural uranium and enrichment services stabilized or
even decreased, whereas the prices for reprocessing ser-
vices and Pu-recycle continued to increase. Thus, direct
disposal got an economic advantage. The concern for
nuclear proliferation, as a consequence of increased
handling of plutonium, created a political resistance
against reprocessing and Pu-recycle. The development
of the breeder slowed down.

Several alternative methods for final disposal of spent
fuel in the Swedish crystalline bedrock were studied and
evaluated as a part' of the broad R&D-programme,
which continued based on the KBS-reports.. In 1992,
SKB concluded that a method similar to the one
described in the KBS-3-report would be best suited for
use, at least for the first step, in implementation of a
deep repository. In general this conclusion was accepted
by the authorities although some reviewers considered
the choice to be premature.

22,3 STEPWISE CONSTRUCTION

An interim storage facility, CLAB, was constructed in
the early 1980s at the Oskarshamn nuclear power plant.
It was put in operation in 1985. CLAB has at present a
capacity of 5,000 tonnes and can easily be expanded to
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meet future demands. About 2,300 tonnes of spent fuel
was in storage at the beginning of 1996.

Following the evaluation of alternative methods in 1992,
SKB decided to start the implementation process for the
first steps in building a deep repository for spent nuclear
fuel. This comprises the siting and basic design of an
encapsulation plant for the fuel and of a deep reposito-
ry. The first stage of the repository is planned for about
400 canisters or 800 tonnes of fuel and should start
operation in 2008 (Fig. 22.1). The encapsulation plant is
planned for filling one canister per day.

After the first stage has been completed, a thorough
evaluation will be made both of the experience gained
from the first stage and from development of other,
alternative treatment and disposal methods that have
been studied and/or applied in Sweden or elsewhere.
The opportunity to change the route or even to retrieve
the canisters that have been deposited will be available.
This strategy thus provides an approach where irrevoca-
ble decisions must not be made until all aspects of the
repository implementation have been fully demonstrat-
ed.

The implementation of the first stage will also proceed
in steps with siting, basic design and supplementary
R&D during the 1990s, with construction during the
main part of the next decade and the first stage operation
and evaluation during the 2010s. The stepwise approach
is thus a key element in the planning and implementa-
tion for a repository.

22.4 SAFETY APPROACH FOR A DEEP REPOSITORY

The safety of a deep repository is dependent on the
radiotoxicity and on the accessibility of the waste. Both
these properties are time functions. Thus, the safety of
the repository has to be assessed as a function of time.
There will always be a fundamental uncertainty in the
prediction of the future behavior of any system and the
uncertainty may increase with time. The Swedish
Radiation Protection Institute has discussed the influ-
ence of the time horizon on the safety assessment and
radiation protection (SSI 1995). They conclude that:

e Particularly great attention should be given to
describing protection for the period up to closure of
the repository and during the first thousand years
thereafter, with a special focus on nearby residents.

s The individual dose up to the next ice age, i.e. up to
about 10,000 years, should be reported as a best esti-
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Figure 22.1. Deep repository showing schematic layout of stage 1 and stage 2.

mate with an estimated margin of error
Environmental protection should be described for the
same period of time.

s For the period from the next ice age onward, qualita-
tive assessments should be made of what might hap-
pen with the repository, including scenarios taking
into account the risk of increased releases.

The safety of a repository is achieved by the application
of three principles:

* Level 1 - Isolation. Isolation enables the radionu-
clides to decay without coming into contact with man
and his environment.

¢ Level 2 - Retardation and retention. If the isolation is
broken, the quantity of radionuclides that can be
leached and reach the biosphere is limited by:

- very slow dissolution of the spent fuel;

- sorption and very slow transport of radionuclides
in the near field; and

- sorption and slow transport of radionuclides in the
bedrock.

o Level 3 - Recipient conditions. The transport path-
ways along which any released radionuclides can
reach man are controlled to a great extent by the con-
ditions where the deep groundwater first reaches the
biosphere (dilution, water use, land use and other
exploitation of natural resources). A favourable

recipient means that the radiation dose to man and
the environment is limited. The recipient and the
transport pathways are, however, influenced by nat-
ural changes in the biosphere.

The safety functions at levels 1 and 2 are the most
important and the next-most important. They are
achieved by means of requirements on the properties
and performance of both engineered and natural barriers
and on the design of the deep repository. Within the
frames otherwise defined, a good safety function at level
3 is also striven for by a suitable placement and config-
uration of the deep repository.

22.5 DEEP REPOSITORY

The isolation of the spent nuclear fuel from the bios-
phere is achieved by encapsulating the fuel in a canister
with good mechanical strength and very longlived resis-
tance against corrosion. The conceptual design adopted
is a copper canister with a steel insert. The copper pro-
vides a very good corrosion resistance in the geochemi-
cal environment foreseen in a deep repository in
Sweden. The steel insert provides the mechanical pro-
tection needed. Each canister contains about 2 tonnes of
spent fuel. The canisters are placed in deposition holes
drilled from the floors of tunnels at about 500 m depth
in the crystalline, granitic bedrock (Fig. 22.2). Each can-
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Figure 22.2. Deep repository in accordance with the KBS-3 concept.

ister is surrounded by blocks of compressed bentonite.
‘When the bentonite absorbs water from the surrounding
bedrock it will exert an intense swelling pressure and
completely fill all void space in the near vicinity of the
canister with bentonite clay. The clay barrier will con-
tribute to the isolation by preventing or delaying dis-
solved corrosive species that may exist in minor
amounts in the ground water to reach the canister. The
clay will also provide some mechanical protection for
the canister. The tunnels will eventually be backfilled by
some material like a mixture of crushed rock and ben-
tonite.

A repository for all spent fuel from the present Swedish
programme should have a capacity of about 8,000
tonnes or 4,000 canisters. In addition it should be able to
deposit other types of long lived wastes at the same site.
This means that the underground facilities will need
some 30 - 40 km of tunnels and cover an area of about
one km?. The surface facilities at the repository site will
require an area of about 0.2 km?.

SKB has started the planning work for a deep reposito-
1y by preparing plant descriptions. These provide exam-
ples of possible ways to design the repository with its
buildings, land areas, rock caverns, tunnels and shafts.
They also contain requirements on, and principles for,
the various functions of the repository. To a large extent,
the construction and operation of the facility can be
based upon experience and proven technology from
nuclear installations and underground rock facilities.
Special attention is given to: the impact of the excava-

tion work on surrounding rock, methods for preparation
and installation of the buffer bentonite blocks, and the
technology for backfilling and sealing.

22.6 ENCAPSULATION OF SPENT NUCLEAR FUEL

Another necessary facility where the planning work has
started is a plant for encapsulating the spent nuclear
fuel. The intention is to expand the existing interim stor-
age facility, CLAB, at Oskarshamn with such a plant.
The plant will take fuel assemblies from the under-
ground storage pools, dry them, transfer them to canis-
ters made of copper with a steel insert, change the
atmosphere to inert gas, put lids on the canisters and seal
the lids by electron beam welding. The quality of the
filled and sealed canisters will be inspected by non-
destructive examination (NDE) methods - ultrasonic and
radiographic - before shipping to the repository.

Each canister will contain 12 BWR fuel assemblies or 4
PWR assemblies. The copper thickness will be about 50
mm and the steel thickness also about 50 mm (Fig.
22.3). The copper thickness shall be enough to prevent
corrosion from penetrating the canister during the time
when the spent fuel radiotoxicity substantially exceeds
what one would find in a rich uranium ore. The com-
bined thickness of steel and copper should be enough to
prevent any significant radiolysis of water outside the
canister after deposition in wet bentonite clay. The steel
insert is designed to withstand the normal mechanical
loads that will prevail on the canister in the repository
such as hydrostatic pressure and the bentonite swelling
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Figure 22.3. Copper canister with steel insert.

pressure. The total weight of a canister with fuel will be
about 25 tonnes. In total some 4,000 canisters will be
required for the spent fuel arising from the Swedish
reactors up to 2010.

The design of the steel insert is still under evaluation.
The present reference concept is a cast insert with thick
steel walls between each fuel assembly. This gives a
good mechanical stability as well as providing adequate
protection against criticality in the unlikely case that the
canister, at some unspecified future time, should be
filled with water.

The fabrication of copper canisters of the size needed is
by no means an industrially available technology. The
seal welding technology has recently been demonstrated
on a laboratory scale in work sponsored by SKB at The
Welding Institute in UK. Full scale canisters have also
been fabricated on the laboratory scale. In order to make
key technology more mature, SKB has decided to create
a laboratory for encapsulation technology at the former
shipyard in Oskarshamn. This laboratory will be ready
sometime during 1997 and will primarily be devoted to
further development of the seal-welding process and the
NDE-methods.

The design of the encapsulation plant is in progress. The
main contractors for the design are BNFL for the key
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hot cell parts and ABB Atom for the other systems. The
work is at present directed towards final specifications
for the above mentioned laboratory as well as the devel-
opment of an Environmental Impact Statement and a
Preliminary Safety Report forming a basis for an appli-
cation for a siting and construction permit. The applica-
tion is planned for submission in early 1998.

22.7 REPOSITORY SITING

The most crucial part of the development of a deep
repository is the siting process. SKB started geological
site investigations at an early stage in the programme.
Throughout the 1970s and 1980s, so called study sites
were investigated at some 10 locations scattered from
the southern to the northemn part of the country. The
investigations included measurements in boreholes as
deep as 1000 m, as well as geophysical measurements
from the surface. The main conclusion from these site
investigations was that there are many places in the
Swedish bedrock that provide conditions which are suit-
able for siting a repository at a depth of about 500 m.
This implies that the safety requirements for a site can
be met at many places and that factors other than safety
can also be decisive in siting.

One such factor of importance is the acceptance by
authorities and local residents. After the presentation of
the RD&D-programme 92, SKB got in contact with sev-
eral municipalities in various parts of Sweden. These
contacts led to the proposal to start so called feasibility
studies for the municipality in order to more clearly
define the possibilities and consequences of siting a
repository in the municipality. The intent was that the
municipality as well as SKB should get a comprehen-
sive set of documentation on which to base any decision
of further, more detailed studies. A prerequesite was that
the feasibility study should be based on existing geolog-
ical data; no drillings and new measurements would be
included. The discussions resulted in feasibility studies
in Storuman and Mald in northern Sweden, Lappland

(Fig.22.4).

The study for Storuman was published in February of
1995, (SKB 1995b) and that for Mala in March 1996
(SKB 1996). In both municipalities, two fairly large
areas - 50-100 km? - were identified to be of interest for
further investigations as potential host formations for a
repository. However, in September of 1995, Storuman
had a referendum on whether to permit further investi-
gations for a repository site in the municipality, and the
outcome was more than 70 % no-votes. This means that
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Figure 22.4. Location of some municipalities in
Sweden.

SKB’s work at Storuman has ceased. The study in Mala
is now being reviewed by the municipality with the help
of an independent group of experts.

SKB also performed a general study of five municipali-
ties: Osthammar, Nykoping, Oskarshamn, Kévlinge and
Varberg, where nuclear facilities are already located.
The conclusion from this study was that there was a
clear interest to continue with specific feasibility studies
for the three first mentioned municipalities. There was
also some interest for a study in Varberg, although the
existing geological data for that area are rather meager
and must be supplemented. As a result, feasibility stud-
ies are now going on in Osthammar and Nykoping
whereas the proposal is still being evaluated by
Oskarshamn. Varberg has declined a feasibility study.

SKB has also had fairly extensive discussions with three
other municipalities:' Overkalix, Arjeplog and Tranemo.
These have finally resulted in negative answers from the
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municipalities mainly due to strong local opposition. In
a few other cases, the negative answers were given at an
early stage.

In 1995 SKB published a General Study '95 (SKB
1995¢) which provides background material and gives
an overview of some important siting factors on a scale
covering the whole of Sweden. One main conclusion
from this study is a confirmation of previous observa-
tions that it is not feasible to identify interesting areas on
such a coarse scale. It is, however, possible to identify
some major areas like Gotland, Skéne and the mountain
range at the border with Norway where the geological
and other conditions are such that it is of less interest to
look for a site.

Based on the General Study '95, SKB will continue to
study some parts of Sweden on a regional scale in order
to identify areas of possible interest. The ambition of
SKB is to make feasibility studies of some 5 - 10 munic-
ipalities as a basis for selecting at least two sites for
investigation including extensive drilling as well as geo-
physical, geohydrological and geochemical measure-
ments. These investigations will give the necessary data
base to seek permits to enable detailed site characteriza-
tion including construction of tunnels and/or shafts
down to repository depths. The government has con-
cluded that such a detailed investigation means that part
of the construction of the future repository facility will
actually start. This means that a siting permit according
to the Act on Management of Natural Resources must
also be accompanied by a permit according to the Act on
Nuclear Activities.

Critics of SKB claim that the siting process followed by
SKB is non-scientific and unsystematic; some even
claim that it violates the Swedish environmental protec-
tion act. The siting process was, however, outlined in
detail in the supplement to RD&D-programme 92,
which after a rather extensive review was approved by
the authorities and by the government. The fourth para-
graph of the environmental protection act says: For an
environmentally hazardous activitity, one shall select
such a site that the purpose can be achieved at a mini-
mum of impact and inconvenience and without unrea-
sonable costs. The process followed by SKB for finding
a site for the deep repository is fully in line with this
paragraph; the strategy is to find a site where the pur-
pose to construct a safe deep repository can be achieved
and then at first hand look at sites where there is some
local interest to consider receiving the facility. Thus, one
should minimize the inconvenience to areas where there
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Figure 22.5. General layout of the Aspo hard rock laboratory.

is no such interest. At the same time, the authorities
want to have a reasonably broad base for judging that
there are no other sites which would obviously be better
choices than the one finally selected for an application
to construct the repository.

’ 22.8 Asrd HARD RoCK LABORATORY

In order to prepare for the siting and construction of a
deep repository, SKB has built the Aspo Hard Rock
Laboratory. The planning of this facility started some 10
years ago in 1986. The work at the laboratory has pro-
ceeded in three stages: planning and site investigations,
construction, and operations. The first two stages have
now been completed and the operational stage has start-
ed. A basic objective in the planning of the laboratory
was to create a facility for research and development in’
a realistic and unperturbed environment at a depth
planned for the future repository.

The Aspd HRL is designed to meet the requirements on
R&D. The underground construction starts with a tunnel
from the site of the Oskarshamn nuclear power plant
heading north down to about 220 m depth under the
island of Asp6. The tunnel then goes down in a spiral
with a radius of some 150 m down to 450 m depth. The

total length of the tunnel is about 3,600 m. The last 400
m were excavated by a Tunnel Boring Machine (TBM)
as opposed to the first part that was drilled and blasted.
The cross section of the tunnel is about 25 m? (Fig.
22.5).

Overall objectives for the research conducted at Aspd
are to:

increase the scientific understanding of the safety

features and function of a repository;

¢ develop and test technology that will simplify the
disposal concept and decrease costs while retaining
quality and safety; and

« demonstrate the technology that will be used for dis-

posal of spent fuel and other long-lived wastes.

When the Aspd-project started in the late 1980s, the
work program was formulated in several stages. The
goal of the first stage was to verify that investigations on
the surface and through boreholes from the surface will
provide enough data on the important properties related
to safety of the bedrock at the repository level. The com-
prehensive site investigation programme, conducted
before the start of construction, was the basis for pre-
dictions on geological, geohydrological and geochemi-
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cal data and behaviour of the rock at depth. These pre-
dictions were then compared with observations and
measurements performed during the tunnel construction
stage. A general conclusion concerning the first stage
goal is that the methods available for site investigations
are well suited to obtain data and information on the
bedrock at a given site. These data can be used to select
the proper volume of rock needed for a repository and to
make the safety assessment needed for obtaining a per-
mit to construct tunnels and/or shafts for starting
detailed site characterization.

The goal of the second stage was to develop the method-
ology for such detailed site characterization. During the
construction of the laboratory, considerable experience
has been gained in how the detailed studies of the host
rock can be conducted, and a good basis has been laid
for the actual work to be made at a repository site in the
future.

The other stages were related to improved understand-
ing of the natural barrier - the bedrock - and to a demon-
stration of the technology to be used in the repository.
Some of the tasks addressing these goals have already
been performed, whereas others are part of the ongoing
experimental and investigation programme at Aspd
HRL. A series of Tracer Retention Understanding
Experiments (TRUE) is aimed at increasing the knowl-
edge on the capacity of the bedrock to retain and retard
the transport of radionuclides in fractured rock.
Experimental studies are being carried out to determine
how and at what rate the oxygen, present in the reposi-
tory at closure, is consumed by reactions with the rock.
A special borehole laboratory - CHEMLAB - has been
developed. It permits chemical experiments to be con-
ducted under repository-like conditions with respect to
groundwater composition and pressure. Such experi-
ments will give data to verify models in-situ and check
the data used to assess the dissolution of radionuclides,
the fuel corrosion, the sorption on rock surfaces, the dif-
fusion in buffer materials etc. A full-scale (in-active)
prototype repository is planned to be built at Aspd. It
will provide the opportunity to simulate all stages in the
deposition sequence in a realistic environment. It will
also be possible to observe the simulated repository sev-
eral years in advance of depositing the first (active) can-
ister in the final deep repository.

The work at Aspd has attracted a large international
interest, and at present eight foreign organizations from
seven countries are participating in the Aspd pro-
gramme. Several of the experiments are conducted with
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very active participation by scientists from the foreign
participants. This provides a good mechanism for fur-
ther strengthening the scientific quality of the work and
gives all participants access to a broad international
forum for discussing the planning, execution, evaluation
and interpretation of the experiments.

22.9 CONCLUDING REMARKS

The implementation of a deep repository for spent
nuclear fuel is a very lengthy and tedious process in
today’s society. Considering the time scale intended for
the isolation of spent fuel, it is of course still a short time
period. In comparison with many other more common
projects, however, it is unusual and demanding for all
those involved. It extends over several decades and must
proceed in steps, where each step requires careful plan-
ning. This stepwise progress is a key element. It must be
stressed that no step should really be irrevocable; it
should always be possible to step back and reconsider
and even take another route.

The siting of a deep repository in Sweden is now in
progress. To complete this process, efforts will be need-
ed not only from the responsible implementing organi-
zation but from all parties involved such as the safety
authorities, affected local authorities and political bod-
ies. Building of confidence and trust is a key element in
the process. Nuclear power is producing electricity for
the benefit of society, but it is also leaving radioactive
residues behind. It is our responsibility to handle these
residues in a safe and proper manner. When the present
nuclear power plants are about to be shut down, there
should also be facilities in place to take permanent care
of the long-lived radioactive residues. This is the respon-
sibility of our generation which has benefited from the
electricity produced. It will be up to the following gen-
erations to decide on how to use, extend or change the
system we have provided. In this way we can take care
of our responsibility without depriving future genera-
tions of their possibilities to take their own actions.
Considering the existence of long-lived radioactive
wastes, a deep repository for such residues will, howev-
er, be an asset for society.
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CHAPTER 23

HiGH LEVEL RADIOACTIVE WASTE MANAGEMENT IN SWITZERLAND:
BACKGROUND AND STATUS 1995

1.G. McKinley and C. McCombie

Nagra (National Cooperative for the Disposal of Radioactive Waste),
Hardstrasse 73, 5430 Wettingen, Switzerland

23.1 BACKGROUND

Switzerland is a small country, with limited natural
resources (other than hydro power) and must import
about 80 % of its primary energy needs (predominantly
petroleum products). Electricity covers about 20 % of
energy demand; about 40 % of the electrical energy is
supplied from nuclear plants, with almost all the rest
being generated by hydropower.

Nuclear power production is the main source of Swiss
radioactive wastes, although wastes arise also in medi-
cine, industry and research. Switzerland currently has 5
nuclear power plants (pressurized water reactors and
boiling water reactors) with a total capacity of 3 GW(e).
The spent fuel, containing most of the waste radionu-
clides produced by fission, may be prepared for direct
disposal or reprocessed to recover useable uranium and
plutonium, with the resulting wastes being immobilized
in glass blocks. To date, Swiss disposal planning has
focused on waste returned from foreign reprocessing
plants but, currently, the preferred strategy of the utili-
ties is to keep open both options (reprocessing or direct
disposal). The prime reason for originally choosing the
reprocessing route was to optimize use of resources; the
current arguments against reprocessing are primarily
economic.

Nuclear power and its future role in the nation’s energy
mix is a controversial issue. The initial widespread
acceptance has been replaced to a significant extent by
uncertainty or even opposition; this led in 1990 to the
adoption by popular referendum of legislation placing a
10 year moratorium on expansion of nuclear power. The
waste disposal issue, as will be detailed in the following
section, plays a prominent part in the debate on nuclear
energy. There is a strong incentive for those responsible
for waste management to ensure that continuing

progress is made towards development and implementa-
tion of an integrated waste management strategy.

23.2 LEGAL, REGULATORY AND ADMINISTRATIVE
ISSUES

The Atomic Law of 1959 clearly placed the responsibil-
ity for nuclear waste disposal with the producer of the
waste. The Ruling of 1978 further stipulates that “The
general license for nuclear reactors will be granted only
when the permanent, safe management and final dispos-
al of radioactive waste is guaranteed” This Ruling was
extended by the Government to existing reactor operat-
ing licenses and this led to preparation of a special
Project Gewihr (PG85) which, as described below, was
submitted to the Government for review in 19851

The safety conditions which the final repositories must
satisfy are defined in the Guideline R-21 (1980, revised
1993) of the Nuclear Regulatory Authorities. Three pro-
tection objectives are defined:

s The repositories must ensure the safety of human
beings and the environment from any harmful effects
of ionizing radiation. Accordingly, the central point is
Objective 1, which states: “Radionuclides which can
be released into the biosphere from a sealed reposito-
ry as a consequence of realistically assumable
processes and events may not at any time lead to indi-
vidual doses which exceed 10 mrem (0.1 mSv) per
year.” This objective is ambitious not only because of
the absence of any time limit for demonstration of
compliance but also because of the comparatively
low levels of radiation doses permitted. For compar-
ison, the natural radiation exposure of the Swiss pop-
ulation results in an average radiation dose of about
140 mrem per year, with a range of approximately
100 to 300 mrem per year.
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s Objective 2 provides a quantitative risk level for
judging the consequences of low-probability scenar-
ios: “The individual radiological risk of fatality from
a sealed repository subsequent upon unlikely
processes and events not taken into consideration in
Protection Objective 1 shall, at no time, exceed one
in a million per year”. The direct radiological risk of
fatality from a scenario is thus multiplied by the esti-
mated probability of the scenario occurring and this
product should not exceed one in a million per year
when summed over all such scenarios. For compari-
son, the dose limit of 0.1 mSv per year corresponds
to a nominal risk of fatality of 5 in a million per year.

s Besides the safety aspects, the Guideline R-21
reflects the understanding that the responsibility for
disposing of radioactive waste lies with today’s ben-
eficiaries of nuclear power and should not be passed
on to future generations. This is expressed in
Objective 3: “A repository must be designed in such
a way that it can at any time be sealed within a few
years. After a repository has been sealed, it must be
possible to dispense with safety and surveillance
measures.” Once the repository has been sealed, it
must thus be possible to “forget” the radioactive
waste in the sense that it should not be necessary for
future generations to concern themselves with it.
There is thus no requirement for monitoring or
retrievability of the waste.

In addition to the requirements formulated in these three
protection objectives, non-nuclear regulations must also
be taken into consideration; these include international
law, district planning, environmental protection; and
nature conservation.

As noted above, the producers of nuclear waste are
responsible for waste management (for all waste cate-
gories). Hence the electricity supply utilities involved in
nuclear power generation and the Swiss Confederation
(which is directly responsible for the waste from medi-
cine, industry and research) joined together in 1972 to
form the “National Cooperative for the Disposal of
Radioactive Waste” (Nagra). Nagra is responsible for
the disposal and, if required, pre-emplacement condi-
tioning of wastes. The responsibility for spent fuel
reprocessing and transport, for the waste conditioning at
power plants and for interim storage remains directly
with the utilities. In 1994, a separate organization was
founded to actually construct and operate a L/AILW
repository at a site selected by Nagra, the
Genossenschaft fiir die Nukleare Entsorgung
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Wellenberg (GNW).

23.3 CHARACTERISTICS AND EVOLUTION OF THE
Swiss NUCLEAR WASTE DISPOSAL PROGRAMME

Since the founding of Nagra in 1972, work has been car-
ried out on the development of disposal concepts and
identification of potential sites for such facilities.
Working on the principle of the multi-barrier concept,
the requirements for packaging, engineered structures
and geological isolation were derived for different types
of waste. Two separate geological repositories are
planned?; one for low-level radioactive wastes and
shorter-lived intermediate-level wastes (L/ILW) and
another for high-level wastes (HLW) and intermediate-
level wastes containing higher concentrations of Iong-
lived alpha- emitters (“TRU”).

Highest priority at present is allocated to the L/ILW
repository which is intended to be implemented in hori-
zontally accessed rock caverns with some hundreds of
metres of overburden. An extensive site-selection proce-
dure resulted in 1993 in the nomination of Wellenberg in
Central Switzerland as the preferred repository location.
More detailed site-characterization work, to form the
basis of the application for construction and operation
permits, is now ongoing. The principal for the develop-
ment of Wellenberg as a repository site has been accept-
ed in public Referenda at the community level. It is also
supported by the federal authorities. At the cantonal
level, however, there has been opoposition, leading in
1995 to a popular vote which produced a narrow major-
ity against the currently proposed project. Nevertheless,
current planning assumes that, following appropriate
amendments to the project, the L/ILW repository should
be operational early next century.

For the present limited nuclear programme in
Switzerland, operation of all plants for a 40 year life-
time will result in around 3000 t of spent fuel. If all of
this were reprocessed abroad, the resulting volume of
vitrified waste retarned would only be around 500 m?,
although several thousand cubic metres of additional
L/ILW could also be returned (depending on the con-
tract with the reprocessor). It is planned to store HLW
for at least 40 years in order to reduce the thermal load-
ing of the repository, so that ample time is available for
project development. A centralized facility for dry cask
storage of spent fuel and of vitrified HLW and for other
reprocessing wastes will be constructed before the turn
of the century by the ZWILAG organization, a daughter
company of the utilities.
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Implementation of a HLW repository will not take place
in Switzerland before the year 2020, and there are sound
economic arguments for delaying this date even further.
Nevertheless, there is strong pressure from the public
and the government - and a strong will on the part of the
waste producers - to move the project ahead as quickly
as possible, at least up to the level of demonstrating the
feasibility of construction of a safe repository at a poten-
tial site.

Site selection is very much constrained by the small size
of Switzerland and by its relatively active tectonic set-
ting. The current geological consensus is that the oroge-
ny which built the Swiss Alps is still continuing and
there is still net uplift in this area of ~1-2 mm/year
(which is equivalent to 1-2 km in the million year
timescale which is considered for HLW safety analy-
sis!). Excluding alpine areas and other complex geolog-
ical structures associated with the Jura mountains and
the Rhine Graben leaves only a limited area in Northern
Switzerland which would be potentially suitable. Within
this area, two host rock options are considered - either
the crystalline basement or one of the overlying, low
permeability sediment layers.

The current conceptual repository design was developed
taking into account the potential host rocks, the very low
volumes of HLW expected and the government require-
ment for an early, convincing demonstration of safety of
waste disposal as a condition of extending reactor oper-
ating licenses. These factors together led to designs
which are certainly robust (or even overdesigned) and
are not optimized in an economic sense. Accordingly,
although estimates of absolute costs for the small size
repository required are comparable to those from other
countries, the costs per unit waste volume (or per kWh
of nuclear electricity) are relatively high. Optimization
of designs would, therefore, clearly be an important
objective before moving to an implementation phase.
The concept, illustrated in Figure 23.1 for the crystalline
host rock option?, has the following features:

1. extremely deep disposal (about 1 km below surface)
in a carefully-constructed facility;

2. in-tunnel emplacement of HLW waste packages in a
geologic medium whose principal roles are to limit
water flows and to ensure favorable groundwater
chemistry;

3. very massive engineered barriers; in addition to the
vitrified waste in its steel fabrication canister, a 25
cm thick steel overpack is envisaged which is sur-
rounded by more than one metre of highly compact-
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Figure 23.1. Sketch of possible repository layout. The
case of 3 HLW emplacement panels on
a single level and TRU silos in separate
blocks of low-permeability basement
between major (layout-determining)
water-conducting faults.

ed bentonite clay (Fig. 23.2); and
4. co-disposal of TRU in silos or in caverns in a sepa-
rate part of the repository.

Analysis of this concept in the Project Gewihr 1985
study (mentioned above), showed that, for all realistic
scenarios analyzed, the performance guideline was met
with large margins of safety. In their review of this pro-
ject, the government concluded that this concept would
provide sufficient safety in a crystalline basement hav-
ing the properties postulated by Nagra. However, only
limited data from isolated boreholes were available in
1985, and the Government authorities requested more
evidence that suitable rock formations of an appropriate
extent could be identified in Switzerland. The govern-
ment review also strongly recommended that the option
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Figure 23.2. Waste emplacement geometry (dimensions in metyes).

of disposal in sedimentary formations be considered in
more depth. Despite these caveats, the waste disposal
issue was no longer tied directly to operation of existing
power plants, although it is understood that more evi-
dence of siting feasibility would be required before any
applications for new reactor licenses could be sought.

Since 1985, the regional investigation of the crystalline
basement has been completed and documented®. The
geological studies have clearly shown that the extent of
the accessible crystalline basement is much less than
originally thought due to the presence of a previously
unknown, extensive Permocarboniferous trough which
cuts the region. Only two restricted areas remain for
selection of a possible site, each covering about 50 km?.
Nevertheless, it does seem feasible to find a suitable
repository for the required low volume of waste and a
strategy for site characterization has been developed. In
parallel, investigations of the sedimentary options have
proceeded from a desk study to select potential host for-
mations through to identification of specific potential
siting areas. The two sedimentary host rocks investigat-
ed in detail were Opalinus Clay, which exists in a later-
ally extensive but rather thin layer in Northern
Switzerland, and Lower Freshwater Molasse, where the

formations are large but somewhat heterogeneous®. For
Opalinus Clay, which was identified as the higher prior-
ity option for Nagra, a total potential siting area of some
100 km? has been identified. Programmes of site-specif-
ic studies are now running in parallel in the crystalline
basement and the Opalinus Clay.

The next major milestone in the HLW programme will
be the demonstration of repository siting feasibility
(Project Entsorgungsnachweis) scheduled for 2000.
This may include one or both of the potential siting
areas studied.

23.4 ONGOING GEOLOGICAL STUDIES ASSOCIATED
WITH THE HLW PROGRAMME

Geological characterization prior to repository construc-
tion is planned to progress in three phases. Phase I is a
regional study of potential host rocks from the surface,
involving seismic studies, investigation from deep bore-
holes, etc. This phase is followed by more detailed
investigations of a potential siting area from the surface
(Phase II), and then Phase III underground studies
involving construction of an access shaft to the potential
repository depth and an underground laboratory.

226




Phase I has been completed and documented for both
the crystalline basement and Opalinus Clay*. For the
former, the most relevant open question to be addressed
in Phase 11 is the distribution of major shear zones with-
in the crystalline basement. A detailed performance
assessment (see below) has demonstrated that blocks of
low permeability crystalline basement found in the area
north of the North-Swiss Permocarboniferous Trough
(Fig. 23.3) would be a very suitable host rock. Statistical
analysis of major faults identified during Phase I (by
geophysics, borehole mapping, mapping surface expo-
sures in the neighboring Black Forest etc.), indicates
that the probability of finding sufficiently large blocks
for repository construction in this area is high. This sta-
tistical model will be tested by drilling a “star” of four
inclined boreholes at a site to be chosen in Northern
Switzerland (cf. Fig. 23.4). Location of “layout-deter-
mining” faults will be on the basis of core-logging,
complemented by cross-hole hydro-testing and cross-
hole seismic tomography. In addition, a surface cam-
paign of seismics will be carried out. For the crystalline
basement, this technique is somewhat limited as it iden-
tifies only faults which cause significant displacement
in overlying sedimentary formations; no clear determi-
nation of structure within the basement is possible using
this method.

In contrast, however, the Opalinus Clay formation is a
clearly defined seismic reflector which can be well
mapped by the planned 3D seismic survey. It is relative-
ly homogeneous in composition and, in the area of inter-
est, shows little evidence of tectonic disturbances. The
planned borehole at a site near the village of Benken is
aimed primarily to calibrate the seismic studies.
Somewhat more problematic in the Opalinus Clay case,
however, are the mechanical properties of this rock.
Studies to date indicate that emplacement tunnels for
HLW and caverns for TRU could be constructed at
depths of up to ~800 m, but the extent of tunnel linings
required needs to be established based on site-specific,
rock mechanics data.

The demonstration of siting feasibility also requires
geological input which cannot be obtained from these
two sites in any easy way. Some generic data for crys-
talline and sedimentary rocks can be obtained from
other national programmes, but underground laborato-
ries in Switzerland provide a key testing ground for
methodology development and use of destructive char-
acterization methods.

Nagra’s main underground test site is situated at
Grimsel Pass in the Swiss AlpsS. This facility is situated
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in granite/granodiorite below ~500 m of overburden.
Although tectonically unsuitable for a HLW repository,
this site has played an important rle in the development
of the technology required for site characterization. In
the present phase of work (Phase IV, 1994-1996), HL.W-
relevant studies include testing of the limitations of cur-
rent methods of seismic tomography, examination of the
properties of the excavation-disturbed zone around tun-
nels through crystalline rock, validation of models of
radionuclide migration through fractures, and demon-
stration of the methodology for emplacement of HLW
packages. A final Phase V of work at Grimsel, lasting
until 2002, is currently being planned.

A further underground test site has been initiated within
the scope of an international project, utilizing a road
tunnel through the Opalinus Clay at Mt. Terri in the Jura
mountains. Studies at this site include examination of
water flow paths through this formation and also char-
acterization of the excavation-disturbed zone in this for-
mation.

23.5 MAKING THE SAFETY CASE FOR HL.W

Over the last decade or so, several countries have pub-
lished comprehensive assessments of the safety of vari-
ous disposal options for vitrified HLW and spent fuel. It
has been found that these concepts differ quite signifi-
cantly from each other and place the emphasis for a
demonstration of safety on different parts of the multi-
barrier system. At one extreme, the German concept of
HLW disposal in a salt dome places emphasis on the
role of the host rock in isolating the waste from advec-
tive water flow for very long time periods. Another con-
cept with strong emphasis on geological barriers is illus-
trated by the Belgian concept of disposal in plastic clay.
Canadian disposal in granite with very low hydraulic
conductivity also emphasizes the geologic barrier,
although long-lived container designs are also consid-
ered. At the other extreme, the Swedish concept for
spent fuel encapsulation in thick copper canisters
achieves long-term isolation by depending on the inert-
ness of copper (which gives an expected canister life in
the order of a million years and places very modest
requirements on the geologic medium). The Swedish
concept has also been adapted to Finnish conditions.

The Swiss concept places less emphasis on the retention
capabilities of the geosphere or on the performance of
individual engineered barriers; rather, it focuses on the
behavior of the near field (all engineered barriers in their
geological setting) as a whole’®. Following waste
emplacement, this near-field environment evolves in a

227

AP




h

SWITZERLAND

CH. 23

‘ AY
fectlPle

Low-permeability domain of crystalline basement
Higher-permeability domain of crystalline basement

Major water-conducting faults ;
Mesozoic sedimentary cover \ }
Permo-Carboniferous Trough \
Rhine river / Quaternary gravel

Water-conducting features
(transmissive elements):
cataclastic zones
1(b) jointed zones with open joints

(© fractured dykes

Figure 23.3. Diagrammatic representation of the conceptual model of the crystalline basement.

well defined manner.

After emplacement, water will resaturate the surround-
ing rock and then invade the bentonite which will swell
to seal any gaps. Temperatures in the bentonite will
increase due to heat from the canister, but storage of
waste prior to emplacement ensures that the maximum
temperature in the backfill does not exceed ~160°C.
Calculations indicate that complete resaturation may
take in the order of hundreds of years. The steel canister
corrodes anaerobically at a very low rate (~50 m/year).
Only after ~1000 years will mechanical failure occur
due to pressure from the expanding bentonite. The water

chemistry in the compacted bentonite will be deter-
mined by interactions of inflowing granitic groundwater
with mineral surfaces in this microporous material. The
bulk of the bentonite itself will not undergo any signifi-
cant mineralogical alteration over relevant timescales
(~1 million years).

After canister failure, corrosion of the glass will occur in
an environment with effectively stagnant porewater.
Corrosion of the glass is expected to gradually release
the contained radionuclides over a period of the order of
107 years. The release of many radionuclides may, how-
ever, be further constrained by their very low solubili-
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Figure 23.4. Illustration of the investigation concept for the crystalline basement.

ties. Even after radionuclides are released from the glass
matrix, output to the geosphere is greatly limited by the
transport resistance of the bentonite backfill. Due to its
extremely low hydraulic conductivity, solute transport
through the saturated bentonite will occur predominant-
ly by diffusion. Sorption processes result in very low
diffusivities for many radionuclides, so that their trans-
port time through the backfill exceeds their half-lives,
and thus, output is negligible. This analysis of the repos-
itory near field is believed to be robust’, in that it does
not take credit for all possible processes which would
decrease release rates, and is relatively insensitive to the
variation of uncertain parameters within reasonable
ranges.

Although sufficient safety can be demonstrated with
only minimal requirements on the geology, the geologi-
cal barrier can also be extremely powerful, reducing the

already low concentrations of radionuclides yet further.
Under the expected geological conditions in Northemn
Switzerland, the geological barrier would ensure that, in
effect, no releases to the human environment would
occur for all timescales which are meaningful (up to one
million years). The calculation of retardation of radionu-
clides in the geosphere is, however, more sensitive to
parameter values which are difficult to determine in the
field and hence a safety case based strongly on the bar-
rier effect of a fractured geologic medium is less robust.

The demonstration of long-term safety for a HLW
repository must be based upon predictive modeling, and
it is important to realize the capabilities and the limita-
tions of such models. The mathematical models used in
performance assessment are supported by a range of
laboratory and field experimental studies, but the extrap-
olation of such work to very long timescales must also
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be justified. Enhanced confidence in our understanding
of long-term performance of the near-field, in particular,
may be illustrated by using natural analogues.

A natural analogue is a process that has occuired in the
past and is similar to those that are predicted to occur in
the future evolution of a repository. The proposed corro-
sion rates of the waste matrix and canister in the expect-
ed chemically reducing environment can be supported
by observation of the preservation of archaeological
glass and steel artifacts over millennia. Mineralogical
stability of bentonite can be shown on an even longer
timescale by observations of natural bentonites that have
remained unaltered for millions of years in conditions
comparable to those expected in the repository. Even the
ability of clay to isolate radioactive substances can be
illustrated by natural ore bodies in appropriate geologic
settings.

A safety case made on the robustness of a system of
engineered barriers appears to be appropriate to the
Swiss geological environment, and it is interesting to
note that a very similar concept has been adopted by
Japan (a country with even more complex and tectoni-
cally active geology than Switzerland) in their H-3 per-
formance assessment.

23.6 THE Swiss PROGRAMME IN AN INTERNATIONAL
CONTEXT

The Swiss waste management programme, although rel-
atively small in terms of budget and manpower, is very
wide in scope, with one site currently being character-
ized in detail for a L/ILW repository and two types of
host rocks under investigation for disposal of vitrified
HLW and long-lived ILW. This programme is only fea-
sible if priorities are set and adhered to, and if maximum
advantage is taken of work performed elsewhere.
Therefore, extensive use is made of international collab-
oration agreements in order to spread the work load.
Individual information exchange agreements with other
programmes have allowed effort to focus in specific
areas. For example, Switzerland could deliberately con-
centrate on studies of steel canisters for HLW because
Sweden has concentrated on copper, and a bilateral
Nagra/SKB agreement provided for exchange of results.
Such agreements also allowed direct cooperation/co-
funding of larger studies, such as the Japan/Sweden/
Switzerland (JSS) study of the leaching of vitrified
HLW. Cooperation with the US DOE has allowed
results from the Swiss underground test site to be made
available to modeling groups in the US who, in turmn,
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make their interpretations available to Nagra.

Apart from active participation in the JAEA and the
NEA, Nagra has formal agreements with the European
Economic Community (EEC), United States (DOE,
NRC), Sweden (SKB), Finland (Posiva), France (CEA
and ANDRA), Belgium (ONDRAF, CEN/SCK),
Germany (GSF/BRG), Japan (PNC), Spain (ENRESA),
Taiwan (AEC) and the United Kingdom (NIREX).
Informal collaborations extend the list further.

23.7 CONCLUSION

Despite its small size and limited nuclear power capaci-
ty, Switzerland has succeeded in establishing an interna-
tionally recognized programme for management of
radioactive wastes. The restricted size makes lines of
communication shorter and coordination of effort sim-
pler. The relatively strong economy makes the financing
of projects, without the benefits of scale, a feasible
proposition, although the economic sense of establish-
ing various small-scale projects through the world can
be questioned. Sound technical projects can be devel-
oped and implemented with limited human resources,
provided that care is taken to make polyvalent use of
expertise and to profit from mutually beneficial collabo-
ration with other national programs. Even front-line sci-
ence and advanced engineering skills are, however, of
little use if public opposition prevents their application.
Hence, it is important that a waste management organi-
zation like Nagra devotes strong efforts to communica-
tion with the public at all levels.
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CHAPTER 24

Low LEVEL RADIOACTIVE WASTE MANAGEMENT IN TAIWAN

C M. Tsai and D. S. Liu

Nuclear Energy Society, Taipei, Taiwan

24.1 BACKGROUND

The commercial operation of Chinshan Nuclear Power
Plant (NPP) Unit one marked the beginning of Taiwan’s
nuclear power program. There are now three NPPs each
consisting of two units, in operation. With a generating
capacity of 5,144 MWe, nuclear power produces some
30 percent of the electricity supplies in Taiwan.
However, the nuclear power component is decreasing as
the power demand increases. In order to meet the
increased power demand, the Taiwan Power Company
(TPC) , a state-run and sole electricity utility in Taiwan,
decided to build one more nuclear power plant with two
reactors at the Yenliao Site in addition to the other
sources, Detailed information about Taiwan’s nuclear
power program is shown in Table 24.1.

As far as low level radwaste (LLRW) is concerned, TPC
is the principal source contributing more than 90 percent
of total volume of waste produced in Taiwan. Small pro-
ducers in the medical and research institutes and univer-
sities are responsible for the remaining 10 percent.

24.2 RADWASTE MANAGEMENT POLICY AND
ORGANIZATIONAL SCHEME

24.2.1 Policy

On the 16th of September 1988, the Executive Yuan
(the Cabinet) promulgated the Radwaste Management
Policy (RWMP) that set up the principal guidelines to
enable the Taiwan nuclear industry to plan and manage
its radwaste. Highlights of the RWMP concerning
LLRW are summarized as follows:

o the radwaste producers should strive to minimize the
waste generation rate and reduce the volume;

o the responsibility of safely treating, transporting,
storing, and disposing of radwaste should rest with
the producer. Therefore, the producer is responsible
for the necessary expenses; and

o an LLRW disposal site should be located by 1996,
and operational by 2002.

24.2.2 Organizational Scheme

The organizations related to radwaste management are
shown in Figure 24.1. Both the Atomic Energy Council
(AEC) and the Ministry of Economic Affairs (MOEA)
are under the Executive Yuan. The Fuel Cycle and
Materials Administration (FCMA), a subordinate orga-

Table 24.1. Information on nuclear power plants in Taiwan.

Unit Reactor Type Installed Commercial Status
Capacity Operation
Chinshan 1 (CI) BWR/4 636 1978 operating
Chinshan 2 (C2 BWR/4 636 1979 operating
Kuosheng 1 (K1) BWR/6 985 1981 operating
Kuosheng 2 (K2) BWR/6 985 1982 operating
Maanshan 1 (M1) PWR 951 1984 operating
Maanshan 2 (M2) PWR 951 1985 operating
Yenliao ABWR 1300 2000 bidding
(scheduled)
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nization to the AEC, assumes-regulatory control over
radwaste management matters. The Institute of Nuclear
Energy Research (INER) was empowered by AEC to
take responsibility for collecting radwaste generated by
small producers and treat the waste as necessary. In
TPC, the Nuclear Backend Management Department
(NMBD) and the Nuclear Operation Department (NOD)
take care of radwaste generated by the NPPs. NOD’s
major responsibility is to supervise treatment and stor-
age of LLRW within the NPPs, whereas NMBD is
responsible for radwaste transportation, the operations
of both the Lan-yu storage site and the Volume
Reduction Center, but more importantly, the final dis-
posal of LLRW in Taiwan.

24.3 TECHNICAL ASPECTS OF LLRW MANAGEMENT

Before introducing the detailed technical issues of
LLRW management in Taiwan, it is better to review the
LLRW management diagram (see Fig. 24.2).

24.3.1 Radwaste Generation

LLRW in Taiwan can be divided into two categories:
wet waste and dry active waste. Wet wastes, namely:
evaporation residues, filter sludges, and spent bead
resins, are first solidified in carbon-steel drums and then
stored in structurally safe warehouses. Dry active
wastes, which are mainly waste paper, clothes, plastics,
wood materials, metal, etc., are either segmented or
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shredded and also stored in warehouses. The cumulative
amounts of radwaste generated through August 1994 are
listed in Table 24.2. Cement is the most commonly used
solidification agent for wet waste. However, bitumen is
used in solidifying incinerator ash.

Thanks to waste reduction efforts implemented by
industry, the annual radwaste generation rate at the three
nuclear power plants has been decreased from more than
12,000 drums prior to 1990 to less than 8,000 drums
afterwards. A particularly significant reduction has been
achieved for solidified wastes. Together with radwaste
generated by small producers, the present annual rad-
waste generation rate is approximately between 5500
and 6500 drums. Up to now, almost half of the radwaste
drums have been shipped to the Lan-Yu National
Storage Site for extended storage. However, the remain-
der of the radwaste is stored in warehouses on site. As
the nuclear facilities are nearly running out of storage
capacity, a computerized and improved and better
equipped on-site warehouse at two of the three NPPs
and at INER is either being constructed or is planned.
These new facilities are scheduled to commence opera-
tion in the near future.

24.3.2 Waste Volume Reduction

Reducing the volume of both combustible and com-
pactable wastes is justified as a good way of mitigating
storage pressures given the ever-increasing quantities of

| EXECUTIVE YUAN |

| REC |

MOEA |

[ WNeR | [_FemA ]|

TPC |

NBMD | | NOD |

| NPP1 | N |l NPP3 | NPPa ;

[ I |
| VCR | | Lan-Yu | | Ship I
|

[ SMALL PRODUCERS |

Disposal Site

Figure 24.1. Organizations related to radwaste management in Taiwan.
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Table 24.2. Total amount of LLRW in Taiwan (unit: 55 gal. drums).

Plant Solidified Waste Non-Solidified Waste Totals

NPP I (C1&C2) 43,684 31,474 75,158
NPP 2 (K1&K2) 53,090 20,876 73,966
NPP 3 (MI&M2) 7,004 3,627 10,631
INER 13,774 328 14,102
Total 117,552 56,305 173,857

LLRW. Hence, TPC built a Volume Reduction Center at
Kuosheng NPP site. The center comprises a controlled
air incinerator and a supercompactor. With a capacity
for burning 100 kg/hr of combustible waste and com-
pressing five waste drums per hour of compactable
waste, this center is able to eliminate about 3,500 waste
drums annually. This has helped to relieve storage prob-
lems to a great extent. The important operating parame-
ters of the Volume Reduction Center are shown in Table
24.3. INER has also constructed a controlled-air type of
incinerator with a burning rate of 40 kg/hr to treat com-
bustible wastes originating from small producers island-
wide.

24.3.3 Lan-Yu Interim Storage

The National Lan-Yu Storage Site provides off-site
interim storage for solidified radwaste. This site is locat-
ed on the small island of Lan-Yu that has an area of
about 45 km?, and indeed, was originally designed as a
port of departure for sea dumping that is no longer
allowed. Twenty-three semi-underground engineering
trenches were constructed on the site, providing a stor-

age capacity of 98,000 drums with three drums being
stacked vertically. As of August 1996, the site had
received about 97,700 waste drums, and it is anticipated
to be full by 1996. However, in a continual search for
sufficient storage space and to allow ample time for pro-
ceeding with the LLRW disposal program, TPC, the site
owner, plans to expand the storage capability by adding
six better shielded trenches with a capacity of 59,000
drums. Simultaneously, an optimized waste drum load-
ing pattern will be adopted, making better use of the
land. The environmental impact report for this project is
under review by the AEC’s Environment Evaluation
Committee.

24.3.4 LLRW Transportation

Due to the need to continually ship solidified LLRW to
the Lan-Yu site before the disposal facility was commis-
sioned, TPC built a modern LLRW transport ship, Teen-
Kung No. 1, to replace an old ship in 1991. The new
ship is 53 meters long and has a deadweight of 737 met-
ric tons at the designed draft. It can reach a speed of 11.5
knots. Furthermore, it features a double-shell hull, auto-

Dry Waste

VR CENTER |

Wet Waste

SOLIDIFICATION SYSTEM

onsite| |Lan-Yu| i Final
Storage|  [rorage —-iDisposal;
: Site | § Site |

INER

Industries

}_

Research

Figure 24.2, Diagram of low level radwaste management in Taiwan.

235




Table 24.3. Important operating parameters of the
Volume Reduction Center.

Parameters Value
Incinerator:
Burning rate (kg/hr) 100
Operating temperature (°C)
1st chamber 700 - 900
2nd chamber 1000 - 1200
Volume reduction ratio 30-100:1
Weight reduction ratio 30-40:1
Supercompactor:
Compacting force (ton) 1500
Feeding rate (drums/hr) 5
Volume reduction ratio 3-5

matic navigation, satellite-relayed communication, and
state-of-the-art radiological protection equipment. It can
carry up to 576 waste drums per shipment.

24.4 LLRW FINAL DiSpPosAL

Low level wastes presently stored on site or in the Lan-
Yu site have to be permanently disposed of in a safe
manner. Due to the RWMP direction and in light of the
fact that TPC contributes 90 percent of the LLRW gen-
erated in Taiwan, TPC has been designated to assume
this work.

24.4.1 Regulatory Requirements

According to the “Low Level Radwaste Land Disposal
Licensing Regulations” issued by AEC-RWA, the annu-
al dose to any member of the public resulting from
release of radioactivity from a disposal site must not
exceed 25 millirems (0.25 mSv). When the individual
dose is less than 1 millirem (0.01 mSv) and the collec-
tive dose less than 100 man-rem (1 man-Sv), the dis-
posal site can then be freed from institutional control.
The regulations also point out a set of siting require-
ments for the final disposal program. They are that the
site should:

+ be situated in an area with low population density
and low development;

¢ avoid an area in which tectonic activity, geological
processes, hydrological and geohydrological condi-
tions could endanger the safety of the disposal facil-
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ity; and

» be kept away from an area where geological and
hydrological data are too complicated to be ade-
quately evaluated.

24.4.2 Geological conditions in Taiwan

Taiwan measures about 36,000 km? in area with a spin-
dle shape for the island. There are 81 islets spreading
out in the surrounding Pacific ocean, and 64 of them are
known as the Penghu Island Group, or the Pescadores,
in the Taiwan Strait (Fig. 24.3).

Located at the boundaries between the Eurasian plate
and the Philippine sea plate, Taiwan island reaches a
maximum elevation of about 4000 m as a result of the
compression and shear forces. It is an arcuate island
extending its shorter arm eastward to the Ryukyus and
its longer arm southward to the Philippines. The back-
bone of this mountainous island is the Central Range
which is mainly Tertiary in age. It is fringed on the west
by the Foothill Zone and separated on the east from the
Coastal plain with the very shallow Taiwan Strait farther
west; east of the Coastal Range is the deep Pacific
QOcean. The offshore islets of Taiwan include the Penghu
Group in the Strait and Liitao and Lan-yu off the south-
east coast. Kinmen and Matsu are two islands close to
mainland China covered with Mesozoic granitic gneiss
which may be a surface extension to Taiwan. In the less
tightly compressed northeastern and southwestern parts
of the mountain complex of the Central Range and
Foothills of Taiwan, there is the Ilan plain and the
Pintung Valley, each in the form of an intramundane
trough intruding from the sea into the island.

2443 LLRW Final Disposal Program

The TPC’s program plan for LLRW disposal will be car-
ried out in the following 6 phases:

Phase 1. Selection of Disposal Site and Method

The site selection criteria and process were developed
taking into account Taiwan’s local conditions and for-
eign experience. Based on the available geological and
socio-environmental situation, a handful of candidate
sites will be identified in accordance with siting criteria.
Further investigations, including core drilling and labo-
ratory testing on those candidate sites will then follow.
Various land disposal methods will be assessed against
each candidate site condition to determine those that are
suitable. In this manner, the most favorable disposal site
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and method can then be selected.

Phase 2. Environmental Survey and Assessment
The environmental data survey and documentation will
be conducted in paralle] with drilling investigations on
the above mentioned candidate sites. Results of the envi-
ronmental assessment will become part of the attributes
used for evaluating and comparing candidate sites.

Phase 3. Site Characterization, Engineering Design
and Licensing

It is expected to take at least two years to complete this
phase. During the phase, the site characterization, engi-
neering design and the detailed safety analyses will be
undertaken to support the presentation of a construction
license application.

Phase 4. Site Construction

Depending on the site condition and disposal method, it
is expected to take three years to complete the initial
phase in the construction of the disposal facility. An
operating license application is scheduled to be submit-
ted to the government in 2001 for review.

Phase 5. Operation
The disposal facility is programmed to be commis-
sioned in early 2002 if everything goes as planned.

Phase 6. Post-Operation Monitoring
After the disposal facility ceases operation, it will be
backfilled, stabilized, and covered with earth and vege-
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tation. The disposal site and its vicinity will then be
monitored until the radioactivity in the disposed waste
has decayed substantially and no longer presents a risk
to the environment.

The milestones for each phase of the disposal program
are shown in Table 24.4. However, due to nontechnical

factors, Phase 1 has been postponed to the end of 1996.

24.5 PUBLIC ACCEPTANCE

The importance of securing public acceptance in pro-
ceeding with the LLRW management program has long
been recognized by the nuclear industry. The continuing
receipt of protests against the storage of LLRW in the
Lan-Yu Storage Site from native residents is one of the
examples of this kind. Another example could be justi-
fied by the strong and violent protests from an opposi-
tion party in the parliament to freeze the budget for the
construction of the fourth NPP. Currently, the opposition
party has about one-third of the seats in the parliament.
As elsewhere in the world, nuclear safety and radwaste
management in Taiwan have become the two major
issues of the anti-nuclear movement.

It is anticipated that, in the future, the establishment of
a LLRW final disposal facility could receive many
objections from the public since the disposal site will be
situated at a given location for a few hundred years. The
radwaste people in the nuclear industry are deliberating
on how to get the public involved at an early stage in

Table 24.4. Taipower’s overall program plan for LLW final disposal.

Plan Phase 1992 1993 1994 1995

1996 1997 1998 1999 2000 2001 2002

Phase I: Selection of Candidate
Site and Disposal Technology
(10/92-9/95)

Phase II: Environmental Impact
Assessment (5/93-9/95)

Review by Government
Authorities (10/94-9/95)

Phase III: Site Characterization
and Engineering Design (10/95-
3/99)

Review by Govemnment
Authorities (4/98-3/99)

Phase IV: Site Construction (4/99-
9/2002)

Review by Government
Authorities (4/2002-9/2002)

Phase V: Facility Operation
(10/2002- )
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proceeding with any of the LLRW management pro-
grams. To clearly separate the issue of radwaste from
that of nuclear power plant development may be strate-
gically important in resolving the radwaste issue.
Nevertheless, both to ensure the safety of the final dis-
posal site and to provide a satisfactory financial aid to
offset local objections may be the first two essential
tasks to be worked on among other things.

24.6 CONCLUSIONS AND RECOMMENDATION

Taiwan is a country of scare natural resources of energy,
and, therefore, the use of nuclear energy becomes a
necessity. The management of radwaste arising from the
use of nuclear power has to be safely planned and imple-
mented. To locate a site, as early as possible, to perma-
nently accommodate LLRW in Taiwan is considered the
top priority among other management activities. Since
the country is heavily populated and small in area, it
welcomes any form of regional cooperation in the dis-
posal of radwaste. Indeed, international cooperation in
radwaste disposal is believed to be of benefit to the
whole world.

It is hoped that an active program of regional coopera-
tion on the disposal of LLRW can be initiated by a com-
petent organization, such as PBNC (Pacific Basin
Nuclear Conference), in light of the potential benefits to
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this region.
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CHAPTER 25

PROGRAMME AND RESULTS OF INITIAL PHASE OF RADIOACTIVE WASTE
ISOLATION IN GEOLOGICAL FORMATIONS IN UKRAINE

D.P. Khrushchov!, and V.M. Starodumov?

1. Institute of Geological Sciences, Chkalov Street 55-b, 252054 Kiev, Ukraine
2. State Committee on Nuclear Energy Usage, Bastionnaya Street 9 , 252014 Kiev, Ukraine

Abstract: The concept and a programme for radioactive waste disposal in geological formations of Ukraine have
been developed. On the basis of certain criteria, an evaluation of the territory of Ukraine has led to the selection of
three geological regions and three types of formations that are favourable for RAW disposal. The programme of
research and development includes three stages: preparatory (1993-95), preparatory/experimental (1995 -2004), and
preparation for construction (2005-2010). The completion of the preparatory stage resulted in the selection of zones
and a number of candidate sites that are favourable for RAW isolation.

25.1 INTRODUCTION

Ukraine has been forced to develop research and devel-
opment (R&D) programmes on radioactive waste
(RAW) management due to their accumulation in sig-
nificant quantities. This is a result of the rapid develop-
ment of nuclear power and other RAW-producing indus-
tries, as well as the consequences of the Chernobyl dis-
aster. According to the generally accepted point of view,
a realistic solution for the RAW disposal problem is iso-
lation in geological formations. The importance of this
problem resulted in a research program initiated by the
State Committee on Nuclear Power Utilization
(Goskomatom), National Academy of Sciences, State
Committee on Geology, and some other organizations.

The preparatory stage of research on RAW isolation in
geological formations has been completed. Ukrainian
scientists have developed the concept and a programme
of R&D (experimental and methodological studies on a
pilot scale as applied to geological and mining activi-
ties). The territory of Ukraine has been assessed as to
the conditions for RAW isolation, and geological
regions and formations favourable for this purpose have
been selected. Regional studies, to be discussed below,
have resulted in the selection of a number of favourable
zones (areas) within these regions, and candidate sites
have been selected. Simultaneously, preliminary analy-
ses of the main engineering and construction problems
related to RAW isolation have been made.

However, Ukraine is still lagging considerably behind in
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the field of R&D as compared to the countries that have
been developing their programmes over several decades.

~ Ukraine has established scientific relations with special-

ists in the field of RAW management. As a result of an
international conference on “Isolation of RAW in
Geological Formations™ that was held September 20-24,
1994 in Kiev, a basis for cooperation in this field has
been initiated with eastern European countries.

Investigations on R&D have been sponsored by
Goskomatom partly by finances from budgets of partic-
ipating institutions, as well as by special funds from the
State Committee on Science and Technology for indi-
vidual projects. These investigations are carried out by
specialized multidisciplinary research teams, from 23
R&D institutions (Institute of Geological Sciences,
State Committee on Geology, Kiev University,
Goskomatom, etc.).

25.2  DescripTiON OF THE WORK

25.2.1 General Concept

The general concept for RAW isolation in geological
formations in Ukraine is based on the experience of
advanced countries, JAEA basic principles and technical
criteria adapted to geological, socio-economic and eco-
logical conditions in the Ukraine!. The principle of
long-term (over 10,000 years) RAW isolation is based
on the idea of disposal as a geological engineering sys-
tem that must satisfy a range of conditions (final form of
RAW, disposal in deep geological formations at an




appreciable depth, special engineering barriers, etc.).

In the preparatory phase of the R&D programme, cer-
tain criteria were adopted, and an evaluation of the ter-
ritory of Ukraine was carried out®. As a result, three geo-
logical regions (Fig. 25.1) and three types of geological
formations, favourable for RAW disposal, have been
selected (see below).

The amount of waste to be isolated is (metric tons):
spent fuel - 27,000, decommissioned waste - 12,000,
Chernobyl zone - 20,500, for a total of about 60,000.
The future accumulations of spent fuel are estimated to
be (metric tons): year 2000 - 2020, year 2005 - 3725,
year 2010 - 5460.

After an appropriate period of cooling, or reprocessing
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procedure, the spent fuel has to be encapsulated.
Technological waste must be conditioned and solidified.
As for the Chernobyl zone wastes, there are two vari-
ants: straight burial and separation (enrichment) for vol-
ume decrease. Two types of canisters have been consid-
ered: stainless steel and steel-copper. After being
reprocessed in Russia, the spent fuel has to be returned
in standard containers intended for burial.

In selecting procedures for repository construction,
world experience in underground methods, and current
projections were taken into consideration. Our approach
is to develop procedures that are the most simple and
least expensive. The repository will consist of a wide
transport tunnel and system of galleries for disposal
(Fig. 25.2). Disposition of the different types of RAW
involves: spent fuel in short boreholes in the floor of gal-

Area As A Whole Unfavorable (Mobile Zones of Aldian

and Pacific O ic Cycles). The Selection of Local Suitable Sites
in Crystalline and Salt F jons Within Ssep Stable
Structires is Possible.

Areas Unsufiiciently Favorable and Conditionally )
in Proper F jons (Volyn-Azov Plate, Scytian Plate).

Ll

Areas F le with Restrictions and F: ble Due To the Presence
of Thick Salt Formations. Dnieper-Donets Depression,
Conditionally-North-West Donbass.

[N
!

i
Areas the Most Favorable. Blocks of the Ukrainian Shield-
Volyn-Podolian and Central Ukrainian.

Areas unsufficiently and of persp
Donbass, Preazov Blocks of Ukrainian Shield, Etc.

L

Subdivision of the Ukraintan Shietd

Blocks:

1: Volyn-Podolian
2: Central Ukrainian
3: Preazov

Suture Zones:

4: Golovanev

5: West-Inguliets

6: Orekhovo-Paviograd
7: Central-Preazov

Figure 25.1. Subdivision of the Ukraine on conditions of RAW isolation in geological formations.

242




CH. 25

10

Figure 25.2. Concept of underground experimental laboratory and storage. Legend: 1 - Mine shaft; 2 - ventilation
shaft; 3 - crosscut of laboratory; 4 - chambers of laboratory; 5 - crosscut of the first stage of storage; 6
- chambers of the first stage of storage; 7 - crosscut of the second stage of storage; 8 - chambers of the
second stage of storage; 9 - crosscut of the following stages ; 10 - mine surface building; 11 - fan instal-

lation.

leries, and technological waste and Chernobyl waste in
special cells in the galleries. The system of engineering
barriers includes the matrix, a buffer, containers, com-
pactors, and backfilling material of a bentonite compo-
sition. Sometimes, a protective covering is needed on
the cavern walls. Special non-blasting methods of exca-
vation for maximum preservation of rock integrity have
to be used.

The construction of an underground research laboratory
(URL) is planned as the first stage in developing the
repository. The investigations in the URL are of a tradi-
tional nature but the programme may be shortened using
results from actual world experience.

25.2.2 Research and Development Programme

The purpose of the R&D programme is to develop the
complex measures needed for RAW isolation (long-term
storage and final burial) in geological formations. The
programme is based on total safety for the population

and environment using principles elaborated by IAEA.
The overall programme for R&D includes: site selection
and investigation, projections, exploration, construction,
testing, exploitation and final closure of the isolation
facility. There are seven topical areas: (1) mining/geolo-
gy (including geological exploration); (2) technology;
(3) social; (4) regulatory; (5) legal; (6) management and
(7) construction.

The area of mining/geology is actually central and is rel-
atively independent due to its long term duration and the
essential value of the data being collected. The main
tasks in the mining/geology area are as follows:

1. Conducting theoretical investigations of geological,
geochemical, hydrogeological, geomechanical, min-
ing, thermophysical and other problems connected
with site selection, exploration, construction,
exploitation and closure of the isolation facility, as
well as safety and the development of a methodology
of investigations.
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2. Evaluation of the territory of Ukraine from the point
of view of RAW disposal.

3. Regional studies to elaborate on selection criteria,
structures and the selection and evaluation of sites.

4. Supervision of exploration on selected structures and
sites.

5. Construction of URL to carry out selected experi-
ments.

6. Perfection of construction and technological parame-
ters for the RAW isolation facility based on the syn-
thesis of exploration data, experiments in the URL
etc.

7. Develop a prognosis for the functioning of the isola-
tion facility under the influence of the effects of geo-
logical evolution and scenaria of possible catastroph-
ic events (safety analysis).

8. Develop a monitoring system and system of control
(management).

9. Provide a basis for controlling construction of the
RAW isolation facility.

10. Provide a basis for supervising the exploitation and
closure of the facilities.

The programme of R&D includes the following stages:

1. Preparatory - 1993-95
Goal: elaboration of concepts, selection of sites,
exploration; ,

2. Preparatory/experimental - 1996-2004
Goal: exploration, construction of URL, collection of
experimental data during construction and exploita-
tion of the isolation facility, and

3. Preparation for construction - 2005-2010
Goal: final preparation for construction of RAW iso-
lation facility (eventually the beginning of the con-
struction).

The durations of these stages are not yet firm and will
actually depend on the financial situation.

25.2.3 Methodology of Scientific Investigations.

The generally accepted concept of the repository as a
multibarrier, geological/engineering system takes into
account that the rock formation, as a main barrier, is the
leading factor in determining the safety of long term iso-
lation. That is why a comprehensive investigation of the
geological environment provides a foundation for inves-
tigations in the area of mining/geology.

The final goal in the preparatory stage of the R&D pro-
gramme is the selection of site(s) for the isolation of
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RAW. This goal can be achieved by solving the follow-
ing tasks in a proper hierarchical sequence that is corre-
lated with the stages of programme investigations men-
tioned above:

1. Evaluation of the territory of Ukraine from the point
of view of RAW isolation;

2. Selection of geological regions and formations
potentially favourable for RAW isolation;

3. Regional analysis of potentially favourable forma-
tions in a hierarchical sequence. Region-Zone (group
of structures)-Local Structure (site), (Fig. 25.3); and

4. Selection and evaluation of sites.

Tasks 1-3 and part of 4 have already been accomplished.

As aresult of the evaluation and ranking of 12 geologi-
cal regions in Ukraine, only three have been selected as
favourable for RAW disposal: (1) Ukrainian shield; (2)
Dnieper-Donets depression; and, (3) northwestern
Donbass. Conditionally, the southwestern slope of the
east European platform of the ancient Volyn-Azov plate
is under investigation.

The selection of formations in these regions was made
on the basis of an initial evaluation of parameters and by
analogy with world experience. By mean of this
approach, three types of potentially favourable forma-
tions have been selected: crystalline, salt and argila-
ceous. The next step was fo carry out a regional analysis
of formations.

The hierarchical sequence of investigations (Regional-
Zonal-Local) is similar for all formations. The method-
ology of the selection process on these three levels is
based on the usage of a set of mining/geology area mod-
els, categorized on different scales according to the level
of investigation.

The results of this selection of a set of models (as well
as data from social, economic, ecological and other
studies) provide the basis for setting up criteria for the
selection, comparison, estimation and ranking on zonal
and local levels. This set includes three groups of prac-
tically equal importance:

I Safety (technical-geological)
a. tectonic
b. neotectonic
c. seismic
d. hydrogeologic
e. type of formation
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stones; 16 - faults.
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f. goemechanic

g. geochemistry (including waste composition)
h. geomorphologic

i. hydrologic

j- climatic

k. technogenic/ecologic conditions

1. mineral deposits

. Social-political
a. demographic
b. psychologic
c. contamination from Chernobyl

0. Technologic complexity
a. construction cost
b. technologic complexity

On the zonal and local levels, the results of the social-
economic and ecological investigations must be devel-
oped in different degrees of detail.

In the areas of mining/geology, the set of models that are
being used in the hierarchical sequence of regional
investigations includes both static and dynamic aspects.
The dynamic aspect must consider two variants: evolu-
tionary and revolutionary (catastrophic, or maximum
project risk). Every model has its own tasks, objects and
phenomena for investigation, but all models are inte-
grated within the whole set. An understanding of the
functioning of the disposal facility has to be developed
from an appropriate synthesis of these models.

These models are developed using three kinds of data:
theoretical, computational (mathematical, statistical,
probabilistic) and experimental. The experimental data
are obtained as a result of URL investigations. The
dimensions of these models are generally known: near
field and far field. The objectives of the investigations
for this work are well described in the literature. The
main task in analyzing the functioning of a disposal
facility is the prognosis of its long term safety. This
prognosis has to be developed within a framework that
includes scenaria of evolutionary and catastrophic phe-
nomena. One of the terminal tasks of modelling is the
estimation of radionuclide behaviour in the biosphere
(accumulations in surface waters, sorption by clays and
organic matter etc.). The monitoring of an RAW dispos-
al facility may be realized in the near field by means of
direct observations in situ; in far field, by mean of spe-
cial boreholes and surface observations.
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25.3 RESULTS OF REGIONAL STUDIES

Regional studies have been carried out in the Ukrainian
Shield, Dnieper-Donets Depression and Donbass.

In the Ukrainian shield (Fig. 25.3), two zones have been
selected as favourable for RAW disposal: (1) Korosten
pluton and a group of structures in the middle of the
Near-Dnieper area, where the preferable type of rocks,
granites and gabbro-anorthosites of Proterozoic age are
found; and (2) in salt domes of the Dnieper-Donets
depression in the northeastern, and southwestern mar-
ginal zones, and in the southeastern part of the Donbass
depression, in bedded salt formations. Argillaceous for-
mations of sufficient thickness are spread over the
southwestern slope of the east-European platform
(Volyn-Asov plates, Cambrian, Oligocene), and in the
Donbass-Dnieper-Donets depression. In the latter loca-
tions, detailed geological investigations have not yet
been carried out.

In the course of regional studies, several candidate sites
have been chosen. In the northern part of the Korosten
pluton, two favourable massifs (subzones) have been
selected, i.e. Luginy and Volodarsk-Volyn massifs. The
Luginy massif is composed primarily of granite-
rapakivi, and two sites within its limits have been cho-
sen. Eight salt domes that are potentially favourable for
RAW disposal have been selected within the boundaries
of the Dnieper-Donets depression.

On the basis of the mining/geology models and consid-
ering the criteria mentioned above, a ranking of selected
sites has been made. Crystalline formations within the
Korosten pluton have been ranked as follows: (1) first
priority for the Pribytkov and Doroginby sites in the
Luginy massif; and (2) second priority for the Novo-
Borovaya and Zankovo sites in the Volodarsk-Volyn
massif. Within the limits of the Dnieper-Donets depres-
sion, sites have been ranked as follows: (1) first priority
for the Kaplintsy, Isachki and Yatsyno-Logoviki salt
domes in the northeastern marginal zone; (2) second pri-
ority for the Dmitrievka, Siniovka, and Romny salt
domes in the southwestern marginal zone; and (3) third
priority for the Aleckseevka salt dome in the southeast-
ern part of the depression.

Two zones of Permian bedded salt formation have been
studied in northwestern Donbass.
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25.4 CONCLUSIONS

As a result of completing the initial stage of the R&D
programme, certain regional studies have been carried
out, The regional studies resulted in the selection of
favourable zones of crystalline formations in the
Ukrainian shield and salt formations in the Dnieper
Donets depression (as well as in northwestern Donbass,
where technogenetic activities have to be considered.)
Several candidate sites have been selected in favourable
zones. The completion of this initial stage leads to the
next stage of specialized exploratory geological/geo-
physical investigations. This stage is much more com-
plicated and much more expensive.

The initial stage of investigations was completed during
1993-95. Such rapid advances were possible due to a
thorough understanding of the geology of the territory
of Ukraine, the excellent work of the scientific team,
and the availability of results from world experience in
the field of RAW in advanced countries (USA, France
etc.).

Ukraine possesses scientific and technological capabili-
ties sufficient for the effective completion of the neces-
sary R&D related to exploration and URL construction.
But the actual economy in the Ukraine provides no rea-
son for optimism that financing sufficient for an effec-
tive realization of such an expensive program will be
forthcoming. Thus, the possibilities for program support
will depend upon a significant increase in national funds
and the organization of international cooperation.

The Institutions involved in R&D programmes in waste
isolation (as well as the Ministry of Environment
Protection and Nuclear Safety) and the State Committee
on Nuclear Energy Utilization, as a sponsoring institu-
tion, have initiated an annual international conference,
“Isolation of RAW in Geological Formations.” The first
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conference was held September 20-24, 1994 in Kiev.
This conference has revealed the interest of eastern
European countries (Poland, Slovakia, the Czech
Republic, Russia, Hungary, Slovenia, Belarus, etc.) in a
program of cooperation. A second conference is sched-
uled to be held in 1995.
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CHAPTER 26

THE INVESTIGATIONS OF THE GEOLOGY AND HYDROGEOLOGY AT
SELLAFIELD IN THE UNITED KINGDOM

Robert Chaplow

United Kingdom Nirex Limited, Harwell, Oxfordshire OX11 ORH, UK

26.1 INTRODUCTION

26.2 SCOPE OF INVESTIGATIONS

United Kingdom Nirex Limited (Nirex) is responsible
for providing and managing a national disposal facility
for solid intermediate-level (ILW) and low-level (LLW)
radioactive waste. Such wastes have been produced in
the UK for over 40 years and have come from the nuclear
power industry, medical and defense establishments, as
well as from other research and industrial sources. UK
Government policy is to dispose of these wastes in a
deep underground repository. Similar policies are fol-
lowed by other countries which produce substantial
quantities of long-lived radioactive waste.

Following an extensive site selection exercise, Nirex
announced in 1989 that it would investigate, initially,
sites at Dounreay in Caithness and Sellafield in Cumbria,
to establish their suitability as safe locations for a deep
disposal facility for ILW and LLW. Initial boreholes and
other geological and geophysical surveys subsequently
indicated that the geology at both sites had the potential
to meet the demanding safety requirements for a deep
repository. In July 1991, Nirex announced that it was to
concentrate its further investigations at Sellafield. Given
that there appeared to be little otherwise to distinguish
between the overall suitability of the two sites, transport
of waste and the associated costs were major considera-
tions in this decision; an estimated 60 per cent by volume
of the radioactive waste destined for the repository aris-
es from British Nuclear Fuels’ operations at Sellafield.

This paper presents a broad overview of the investiga-
tions carried out at Sellafield, up to approximately the
end of 1994 and of the results obtained. A description is
provided of the strategy being adopted for the continued
investigation of the site. Descriptions of the geology,
hydrogeology and geochemistry studies at Sellafield are
provided by Michie (1996), Sutton (1996), and Bath, et
al., (1996).

26.2.1 Scientific Approach

Nirex has adopted a systematic scientific approach to the
design and implementation of the investigations. A wide
range of technical specialists and techniques have been
used in the conduct of the work and care has been taken
to avoid undue reliance on any single technique in the
interpretation of the ground conditions. The quality of
the work being undertaken by Nirex has been recognized
by independent reviewers, for example, by the Royal
Society Study Group (1994) and RWMAC (1994).

Nirex makes information from the investigations widely
available through publications and presentations. A
series of papers on the geology of the Sellafield area
were presented at a meeting of the Yorkshire Geological
Society in late 1993) and subsequently published
(Holliday and Rees, 1994). A second meeting on the
hydrogeology was held at the Geological Society
Apartments in May 1994, the papers presented at this
meeting have been submitted for publication. Nirex also
releases a significant number of detailed reports on the
results of the investigations (For example: Nirex, 1992
Nirex, 1993a-i, Nirex, 1994a-b). An independent panel
of university professors carries out review of the work
undertaken by Nirex. The first Annual Report of this
review panel was released in December 1994.

26.2.2 Areas of Study

The studies carried out in West Cumbria have been con-
tained within three areas (Fig. 26.1):

1. An area onshore and offshore (A) of approximately
60 km by 65 km for which information has been gath-
ered on geological features which might have rele-
vance to a repository safety assessment, using exist-
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Figure 26.1. Investigation areas showing location of seismic surveys.

ing published sources of information and commer-
cially available offshore seismic survey data.
Additional data, including structural geological data
relevant to seismic hazard studies, were collected
from wider areas.

2. An area (B) of approximately 20 km by 30 km with-
in which geological features have direct relevance to
the repository. Within this area Nirex has commis-
sioned new geological, geophysical and hydrogeo-
logical investigations. These investigations have been
supplemented by study of data from past mining
activities.

3. An area (C) immediately around the potential repos-
itory covering an area of approximately 50 km? and
within which all the Nirex deep boreholes are locat-
ed.

26.2.3 Regional Surveys

The extent of the regional geophysical surveys commis-
sioned or acquired by Nirex is shown in Figure 26.1.
These surveys have included some 1,950 line kilometres

of seismic reflection, both onshore and offshore, and
8,500 km of airborne magnetic and radiometric surveys.
Gravity data has been collected along many of the seis-
mic lines. Geological mapping has been carried out by
the British Geological Survey and regional surveys of
near-surface hydrogeological features have been com-
missioned, as have remote seismic studies. Monitoring
of springs, river gauging and meteorological observa-
tions are continuing, A programme of work to charac-
terize the Quaternary deposits of the area has com-
menced.

26.2.4 Boreholes

By December 1994 Nirex had drilled twenty one deep
boreholes (Fig. 26.2). Many of these were around 1,000
metres deep, with the deepest, Borehole 2, extending to
1,950 metres depth. Several phases of drilling have been
completed, namely:

+ An initial pattern of boreholes (Boreholes 1, 2, 3, 4,
5,7, 10,11, 12 and 14) to obtain an understanding of
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the regional geological and hydrogeological setting
of the site.

s A subsequent series of boreholes to investigate spe-
cific aspects of the site. Boreholes 8 and 9 have been
drilled in the upper part of the catchment to investi-
gate groundwater recharge and Borehole 13 has
investigated the area to the south where the thickness
of the Permo-Triassic sequence increases markedly.

s A series of six boreholes (RCF1 to 3) and RCM1 to
3 have been drilled in the area of the proposed Rock
Characterization Facility to characterize the ground
in advance of underground excavation and to permit
installation of a groundwater monitoring system
close to the proposed shafts (Nirex, 1994b).

s Inclined boreholes are being drilled to characterize
parts of the potential repository zone. Boreholes
PRZ2 and 3 are completed; PRZ1 has still to be com-
pleted.

Two boreholes, drilled by others several decades ago for
mineral exploration purposes, have been instrumented to
supplement the groundwater monitoring system.

The majority of the drilling carried out by Nirex has
been to obtain continuous core which is used for
detailed characterization of the rock penetrated.

Geophysical logging is also carried out to determine
rock properties and particularly to provide information
on the characteristics of the fractures which occur in the
rocks.

Hydrogeological testing is carried out in the boreholes
to determine groundwater pressures and the hydraulic
conductivity of the rocks, that is, their ability to transmit
water. Testing is carried out during breaks in the drilling
and after completion of drilling to investigate the
hydraulic properties of the rocks at a range of scales

(Fig. 26.3).

Sampling of groundwater and analysis of samples is
routinely undertaken during drilling and subsequently.
Special measures are taken to reduce the levels of cont-
amination of the groundwater by drilling fluids and to
quantify the extent of any contamination to permit the
determination of groundwater chemistry.

The completed boreholes are also used for undertaking
specialist testing programmes. Examples include cross-
hole seismic tomography and cross-hole hydraulic test-
ing. A major programme of pump testing to measure the
responses of the groundwater system over a wide area to
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Figure 26.3. Types of hydrogeological testing.

pumping from a central borehole is currently in
progress.

26.2.5 Long-Term Monitoring

Most of the boreholes have now been converted for
long-term monitoring of groundwater pressures by the
installation of Westbay multi-level groundwater moni-
toring systems. These systems permit measurements of
groundwater pressures within selected sections of the
boreholes. Many sections are now equipped with auto-
matic logging systems which provide measurements of
pressures at two minute intervals to a high level of pre-
cision (Nirex, 1994a).

Nineteen boreholes have Westbay strings installed, and
a further borehole is equipped with an alternative moni-
toring system. Some of the monitoring strings are
amongst the most complex and deepest instrumentation
systems of their type ever installed.

The monitoring network is designed to establish base-
line groundwater conditions and to provide the means
for monitoring the response of the groundwater system
to induced perturbations, such as from cross-hole test-
ing, pumping tests and RCF shaft excavation.

26.3 SUMMARY OF RESULTS

26.3.1 Geology

The proposed repository host rock at Sellafield compris-
es the volcanic rocks of the Ordovician Borrowdale
Volcanic Group. Within the potential repository zone,

the top surface of volcanic rocks is at a depth of 400 to
600 metres, occurring beneath the immediately overly-
ing Permian breccia, the Brockram (Fig. 26.4). This is in
turn, overlain by the Triassic Sandstones of the -
Sherwood Sandstone Group. The top of the volcanic
rocks dips to the west such that at the coast they are
some 1,600 metres below the surface. On approaching
the margins of the East Irish Sea Basin, the Sherwood
Sandstone Group is underlain by a thicker sequence of
Permian rocks comprising the St. Bees Shale, the St
Bees Evaporite and the Brockram. These are in turn
underlain by the Carboniferous Limestone which rests
unconformably on the Borrowdale Volcanic Group
rocks (Michie, 1996; Holliday and Rees, 1994).

The rocks have been subjected to numerous periods of
faulting and folding during their geological history. The
distribution of the various formations at depth and the
locations of the faults which cut them have been defined
primarily by interpretation of the seismic reflection data,
calibrated by the deep boreholes and utilizing mine plan
data for the area to the north of Sellafield. Structure con-
tour maps covering areas A and B have been generated
for all the major geological boundaries within the
sequence (Nirex, 1993a, b). Within the potential reposi-
tory zone, additional detail is now being added based
upon further boreholes, seismic reflection surveys,
cross-hole tomography surveys between sets of co-pla-
nar boreholes and complex analysis of existing vertical
seismic profiling (VSP) data.

26.3.2 Hydrogeology

Much of the work being undertaken by Nirex at
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Figure 26.4. Schematic geological WSW-ENE cross-section through the Sellafield area.

Sellafield has been focused on determining the hydroge-
ology of the site, given that the flow of groundwater is
recognized as the dominant mechanism for transport of
radionuclides from a repository back to the surface
(Nirex, 1993i; Black and Brightman, 1996).

Measurements have been made of hydraulic properties,
especially heads and conductivities in boreholes.
Having recognized that the flow of groundwater through
the volcanic rocks is principally through fractures, effort
has been directed towards characterizing those fractures
which are both open and inter-connected such that they
are hydrogeologically significant.

Geochemical studies of the groundwater have provided
an independent record of past flow and mixing, and
hence geochemical studies have featured prominently in
the work undertaken (Bath, et al., 1996). Finally, numer-
ical modeling has been extensively used to develop the
understanding of the processes which are controlling-
groundwater flow (Heathcote, et al., 1996).

The hydraulic conductivity of the rocks was initially
determined in the boreholes using 50 metre long con-
tiguous sections. Within the Borrowdale Volcanic Group
the conductivity values are typically very low (Fig 26.5)
with half the values measured over 50 metre lengths in
the boreholes being less than 1x10°19 ms, including tests
over faulted and fractured zones.

In order to identify the distribution of the hydrogeolog-

ically significant fractures in the parts of the sequence
dominated by fracture flow, production tests have been
carried out over the full lengths of boreholes, often in a
series of stages. Inflow of water into the borehole is
induced by imposing a drawdown in the order of 100
metres head and identifying flow zones by production
logging. In many cases flows are so low as to preclude
the effective use of spinner logging, zones only being
identified from differential temperature and conductivi-
ty logging (Fig 26.6). Individual fractures, or groups of
fractures, which carry flow are characterized by refer-
ence to the core logs and the borehole imaging geo-
physical logs.

Most of the fractures intersected by the boreholes have
no detectable flow. Flowing fractures are therefore rela-
tively widely spaced. Just over 150 have been identified
in over 20,000 metres of drilling. Studies are currently
being undertaken to characterise them.

Although fractures encountered in particular boreholes
can make a major contribution to the conductivity of the
rock mass in the immediate vicinity, it is the extent to
which conducting fractures are connected which will
determine groundwater flow in the Borrowdale Volcanic
Group. Cross-hole seismic tomography has helped to
define the geological structure between adjacent bore-
holes.

The extent of the connectivity is being examined using
single borehole fracture network testing, cross-hole
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hydraulic testing and by a series of large scale pump
tests. Preliminary results from recent testing suggest that
the fracture network may be less well connected than
previously considered to be the case.

26.3.3 Geochemistry

Geochemical studies (Bath, et al., 1996) are carried out
for three reasons: (a) to support the development of a
conceptual model of the present-day hydrogeology, (b)
to investigate how the groundwater system has evolved
over time; and (c) to characterize the baseline hydro-
chemical conditions to support other studies.

Considerable progress has been made and the present
dataset has contributed substantially to the construction
of a conceptual model of the hydrogeological system, on
which numerical modeling can be based. Some hydro-
chemical aspects of the conceptual model (particularly
salinity sources and mixing zones) will provide specific
tests of the adequacy of numerical modeling.

The palaeohydrogeology of the area is dominated by its
location on the margin of the East Irish Sea Basin. The
influence of basinal brines has been a feature of the deep

sediments and the Borrowdale Volcanic Group basement
in the west of the area for considerable geological time.
Within the potential repository zone, a range of analyses
including stable isotopic and noble gas temperature data
for groundwaters in the Borrowdale Volcanic Group
basement suggests that the waters at depth are clearly
distinguishable from the shallow groundwaters and from
modern rainfall (Fig. 26.7), and that the deeper waters
probably have long residence times. This is a consistent
pattern shown by several independent determinants and
studies (Bath, et al., 1996).

26.3.4 Hydrogeological System

The current conceptual model of the hydrogeological
system is illustrated in diagrammatic form in Figure
26.8. The three component parts of the system: the Irish
Sea Basin Regime, the Hills and Basement Regime, and
the Coastal Plain Regime are essentially as defined in
mid 1992 (Nirex, 1992), although greater confidence in
this model has been obtained with the availability of
geochemical data.

The conceptual model and its evolution are supported,
not only by geological, hydrogeological and geochemi-
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cal studies, but also by a range of numerical modeling
studies which have served to examine and test a series of
concepts concerning the behavior of individual compo-
nents of the total system (Heathcote, et al., 1996).

26.4 FURTHER STUDIES

The investigations carried out to date from the surface
are providing Nirex with a good understanding of the
geological and hydrogeological conditions at Sellafield
as they affect the decision on whether or not the site will
be suitable for the construction of a repository to meet
the stringent regulatory safety targets. Further investiga-
tions from the surface are in progress or are planned to
further characterize specific features of the site. In par-
ticular, the pump test in Borehole RCF3 and the contin-
ued monitoring of groundwater conditions utilizing the
installed instrumentation system are important compo-
nents of this forward programme.

Investigations from the surface are, however, unable to
resolve all the remaining uncertainties regarding the
characteristics of the site. Nirex, in line with similar
agencies in other countries, considers that a phase of
investigations carried out underground from a suitably
constructed experimental facility is a logical and essen-
tial extension to characterization from the surface. For
this reason, Nirex has applied for planning permission to
construct an underground Rock Characterization
Facility (RCF) at the Longlands Farm site at Sellafield.
This application is the subject of an appeal by Nirex

against refusal, by Cumbria County Council, of plan-
ning permission.

26.5 CONCLUSIONS

The following conclusions are drawn from the investi-
gations carried out at Sellafield:

1. An extensive programme of investigations has been
carried out by Nirex. Various independent reviewers
have commented on the high quality of the work
undertaken.

2. The geological succession and structural geology of
the site has been determined in significant detail.

3. Cross-hole seismic tomography has demonstrated
that the geological structures can be mapped between
boreholes. This observation is providing added confi-
dence regarding the definition of the geological
structure within the Borrowdale Volcanic Group and
its influence on the hydraulic conductivity of the rock
mass.

4. Preliminary quantitative assessments have been
made of the distribution of hydraulic conductivity
values in all the major hydrogeological units. Values
measured in the Borrowdale Volcanic Group are typ-
ically low.

5. A limited number of individual fractures has been
identified in the Borrowdale Volcanic Group along
which groundwater flows. These fractures form a
network which controls the flow of water through the
rocks. Nirex is currently assuming that the fracture
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network is well connected. Preliminary results from
recent testing suggest that the fracture network may
be less well connected than previously considered to
be the case.

6. Geochemical and isotopic analysis of groundwater
samples have assisted the development of the hydro-
geological conceptual model and are helping to give
some indication of the age and provenance of the
groundwater within the Borrowdale Volcanic Group
rocks. Evidence is suggesting that the deeper ground-
water in the potential repository zone is old.

7. Good progress has been made with the investiga-
tions, and with the interpretation and modeling stud-
ies which follow on, to determine whether or not the
site is suitable as a potential repository. However,
much work remains to be done to resolve uncertain-
ties and to develop confidence in the understanding
of the site and the models which are constructed to
represent its behavior. Construction of an under-
ground Rock Characterization Facility forms a logi-
cal and essential continuation to the investigations
carried out from the surface to progressively reduce
uncertainty and to provide the information necessary
to determine the suitability of the site for construc-
tion of a deep radioactive waste repository to meet
the stringent regulatory safety requirements.
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CHAPTER 27

HIGH-LEVEL RADIOACTIVE WASTE MANAGEMENT IN THE UNITED STATES
BACKGROUND AND STATUS: 1996

J. Russell Dyer' and M. D. Voegele?

1. Yucca Mountain Site Characterization Office, U.S. Department of Energy, Las Vegas, NV
2. Civilian Radioactive Waste Management Systems, Management and Operating Contractor, Las Vegas, NV

27.1 INTRODUCTION

The United States high-level radioactive waste disposal
program is investigating a site at Yucca Mountain,
Nevada, to determine whether or not it is a suitable loca-
tion for the development of a deep mined geologic
repository. At this time, the United States program is
investigating a single site, although in the past, the pro-
gram involved successive screening and comparison of
alternate locations. The United States civilian reactor
programs do not reprocess spent fuel; the high-level
waste repository will be designed for the emplacement
of spent fuel and a limited amount of vitrified high-level
wastes from previous reprocessing in the United States.
The legislation enabling the United States program! also
contains provisions for a Monitored Retrievable Storage
facility, which could provide temporary storage of spent
fuel accepted for disposal, and improve the flexibility of
the repository development schedule.

Yucca Mountain is a mountainous ridge located in the
southwestern United States (Fig. 27.1) in the southern
Great Basin, the largest subprovince of the Basin and
Range physiographic province of the United States. The
Basin and Range province is that area of southwestern
North America that is characterized by more or less reg-
ularly spaced subparallel mountain ranges and interven-
ing alluvial basins formed by extensional faulting. The
regional climate of the southern Great Basin is typically
hot and semi-arid. Generally, the geology of the
province can be described as a late Precambrian and
Paleozoic continental margin assemblage that has been
complexly deformed by late Paleozoic and Mesozoic
orogenies. Western portions of the province are broad-
ly overlain by Cenozoic volcanic rocks; the distinctive
physiography is largely a product of the most recent
phase of extensional deformation. The alluvial basins
are characterized by low rainfall, high evapotranspira-
tion, ephemeral streams and closed hydrologic systems,

evidenced by the absence of drainage external to the
basins?. Characteristics such as these were important
waste isolation considerations in the selection of Yucca
Mountain for site characterization.

The repository design concept is a mined excavation at
a depth of approximately 300 meters below the crest of
Yucca Mountain and at a distance of approximately 300
meters above the regional groundwater table. The site is
in silicic volcanic rocks, comprising alternating layers
of welded and non-welded volcanic tuffs. The non-
welded tuffs underlying the proposed repository horizon
contain layers that are extensively zeolitized. The strat-
egy for waste isolation relies on both engineered and
natural barriers to provide defense in depth. The strate-
gy for long term waste isolation places primary reliance
on, and takes advantage of, the natural barriers, which
include the aridity of the site, the unsaturated character
of the host rock, and the deep regional water table. All
indications are that these geologic conditions have been
both spatially and temporally stable for many millions
of years.

The United States high-level waste disposal program is
managed separately from activities related to the man-
agement of transuranic waste from national security
activities or commercially-generated low-level wastes.
The transuranic waste program in the United States is
also pursuing development of a mined geologic reposi-
tory for disposal’. The Waste Isolation Pilot Plant, locat-
ed near Carlsbad, New Mexico, is constructed in a salt
formation.

27.2 LEGISLATIVE BACKGROUND

The high-level waste disposal program in the United
States evolved through several different approaches
between 1955 and 1982. In 1955, the National
Academy of Sciences was asked to recommend a strate-
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Figure 27.1. Location map for Great Basin physiographic province and Yucca Mountain Site.

gy for the disposal of liquid chemically hazardous
radioactive wastes resulting from the reprocessing of
spent nuclear fuel. The National Academy of Sciences
recommended disposal in salt formations, to take advan-
tage of the evident geologic stability and isolation from
water. Subsequently, the United States program recog-
nized the advantages of other rock characteristics, and
began a program of national screening in the late 1970s.
In 1982, the United States Congress passed the Nuclear
Waste Policy Act (the Act) 4, setting forth an integrated
plan for the disposal of commercially-generated spent
fuel and high-level wastes from military reprocessing .
The Act established responsibilities, schedules, and a
funding mechanism whereby the users of nuclear power

would pay for the disposal of the generated wastes. A
portion of the wastes generated through various United
States defense programs are included in the provisions
of this law.

Under the Act, the United States Department of Energy
was assigned responsibility for management of the civil-
ian high-level waste program, the United States Nuclear
Regulatory Commission was assigned responsibility for
approving or disapproving a license to construct a
repository and amendments to construct, operate, and
close it, and the United States Environmental Protection
Agency was assigned responsibility for promulgation of
generally applicable standards for protection of the gen-
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eral environment from offsite releases from radioactive
material in repositories. The United States
Environmental Protection Agency promulgated its stan-
dard’ in 1985. This standard is not explicitly health
based; the postclosure behavior of a repository licensed
under this regulation would be judged against total
cumulative releases at the end of a 10,000 year period.
In 1987, a court challenge, based to some degree on
inconsistency with other United States Environmental
Protection Agency regulations, led to a remand of the
standard. The United States Nuclear Regulatory
Commission had already promulgated its procedural
and technical requirements® by 1983. Those require-
ments, which implement rather than duplicate the
United States Environmental Protection Agency release
standards, address the concepts of multiple barriers and
defense in depth, placing specific requirements for post-
closure performance of the repository on components of
both the engineered and natural subsystems.

Following completion of site characterization, the
United States Department of Energy will submit initial
documentation for a licensing hearing to authorize con-
struction of the repository. Authorization of construc-
tion will be based in part on an understanding of the
long term performance of the proposed repository. The
United States Nuclear Regulatory Commission require-
ments embody a phased approach to construction and
emplacement of high-level wastes in a repository. After
sufficient construction to affirm that site conditions and
underground excavation response are within the limits
specified in the license to construct, the applicant sub-
mits documentation for a hearing for a license to receive
and possess wastes. Amendment of the license to allow
the repository to receive and possess wastes marks the
first point in time that high-level wastes can be
emplaced for disposal in the repository. With the
approval of the United States Nuclear Regulatory
Commission, up to ten metric tons of spent fuel could be
emplaced for testing purposes during site characteriza-
tion. Other than this limited amount of waste allowed
for use by the Nuclear Waste Policy Act for purposes of
site characterization (the provision was not invoked by
the United States Department of Energy for Yucca
Mountain), radioactive wastes are not permitted to be
emplaced until this license is received. After operation
of the repository and a defined period of monitoring, an
application is submitted for a license amendment to
decommission and then permanently close the reposito-

ry.

The intention of the Program created by the 1982
Nuclear Waste Policy Act* was to characterize multiple
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sites and recommend sites for development as reposito-
ries. The Act envisioned the need for two repositories in
the commercial waste program; accordingly, it directed
the United States Department of Energy to undertake
two repository characterization programs. The Act
specified that the United States Department of Energy
develop guidelines and prepare Environmental
Assessments to be used as the basis for selecting each
set of three sites to be characterized. The Act also
explicitly required the preparation, and submittal for
review by the United States Nuclear Regulatory
Commission, of a Site Characterization Plan. It was the
intent of the Act that following completion of the char-
acterization of three candidate sites for each repository,
Environmental Impact Statements would be prepared
and serve as the basis for the recommendations of the
sites for which the United States Department of Energy
would apply for a license to construct a repository. In
1987, the United States Congress amended the Act. The
Nuclear Waste Policy Amendments Act! selected Yucca
Mountain, Nevada, as the single site to be characterized.
The amendment also directed the United States
Department of Energy to cease work on the second
Tepository program.

The United States Congress recently passed a compre-
hensive Energy Policy Act’ that contained provisions
that probably will affect the regulations governing a
repository at Yucca Mountain. That legislation required
the United States Environmental Protection Agency,
based upon, and consistent with the findings and recom-
mendation of a study to be undertaken by the United
States National Academy of Sciences, to promulgate
public health and safety standards for protection of the
public from releases from radioactive materials stored or
disposed of in the repository at the Yucca Mountain site.
These standards are to prescribe the maximum annual
effective dose equivalent to individual members of the
public. The issue of a dose-based standard for the
United States high-level waste program dates back to
the United States Environmental Protection Agency's
own Science Advisory Board and the National Academy
of Sciences® noting that such a standard would be appro-
priate for the United States Program.

The National Academy of Sciences study? provided rec-
ommendations as to whether a health based standard is
reasonable, whether it is reasonable to assume that a
system of postclosure oversight, based on active con-
trols, will prevent a risk of breaching the repository, and
whether it is possible to make scientifically sound pre-
dictions of the probability of human intrusion over
10,000 years. The United States Environmental




Protection Agency currently is in the process of devel-
oping a new compliance standard for the Yucca
Mountain site that addresses these recommendations.

27.3 YuccAa MOUNTAIN SITE WASTE ISOLATION
STRATEGY

The strategy for waste isolation for the Yucca Mountain
site consists of reliance on a number of barriers, both
natural and engineered, that either are attributes of the
site or are engineered in a manner to complement the
site attributes®. As water is the medium that can dis-
solve and transport solid wastes, the strategy takes
advantage of the paucity of water at the site.

Yucca Mountain is a remote mountainous ridge located
in the arid southwestern United States (Fig. 27.2),
where rainfall averages approximately 15 centimeters
per year. The water table in the vicinity of the Yucca
Mountain site is deep, approximately 700 meters below
the crest. Placing a repository at a depth of approxi-
mately 200 to 300 meters below the surface would leave
a distance of several hundred meters between the repos-
itory and the water table. The repository would thus be
in unsaturated rocks, with water held in place by capil-
lary forces. The stratigraphy at Yucca Mountain con-
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sists of alternating layers of welded and non-welded
volcanic tuffs. The welded tuff matrix is relatively
impermeable; however, the rocks are fractured and will
transmit water provided there is a sufficient source. The
non-welded tuffs are porous and permeable; however,
they tend to form capillary barriers at contacts with the
welded tuff units and transmit significant quantities of
water only when fully saturated. The repository would
be located in a thick welded layer, overlain by a non-
welded layer with a welded caprock (Fig. 27.3).
Conceptually, this combination should be effective in
limiting the amount of water that could eventually reach
the emplaced wastes. The rock beneath the repository
area includes layers that are conspicuously zeolitized,
providing the potential for sorption to be effective in
retarding the transport of some radionuclides.

It is intended that the engineered components of the
repository complement the natural attributes of the site.
The subsurface layout of the repository, as shown in
Figure 274 and Figure 27.5, would comprise two
inclined access ramps, two vertical ventilation shafts,
and essentially flat-lying main and waste emplacement
drifts.

The waste container is expected to function as the prin-

Figure 27.2. Aerial view of Yucca Mountain looking to the northeast.

262




A

UNITED STATES CH. 27

. RReT 7
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Figure 27.3. Artist’s conception of a repository layout at Yucca Mountain illustrating stratigraphy of the mountain.

emplacement
block

Figure 27.4. The subsurface of the repository will consist of about 250 kilometers (150 miles) of drifts, most of
which will be used for emplacing the waste packages. The emplacement drifts will be divided into
two areas. The upper block will be large and will lie to the west and slightly above the lower block.
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Figure 27.5. Overall repository site map.

cipal barrier to the release of radionuclides from the
engineered barrier system. The barrier will be designed
to provide substantially complete containment of the
wastes for at least the time that heat and radiation emit-
ted by the wastes are at their peak. This occurs early in
the postclosure time frame, encompassing the period of
approximately 300 to 1000 years following closure.
The limited amount of water flowing through the unsat-
urated zone is expected to enhance the ability of the
container to limit the release of radionuclides.
Additionally, container materials will be chosen to be
compatible with the geochemical properties of the water
to prolong container life should water contact it. The
waste form itself is also expected to be a barrier to the
release of radionuclides. The low probability of early
container failure and the small amount of water avail-

able are expected to limit the dissolution and leaching of
radionuclides from the solid waste materials for at least
several thousand years!”

The components of the waste packages, in this relative-
ly dry environment, are intended to confine the waste
for thousands of years. The current container designs!!
are deliberately robust; the dual wall design uses a cor-
rosion allowance material outer layer and a corrosion
resistant material inner layer to form the walls of the
waste packages. The heat from the waste packages is
expected to keep the rock, immediately around the
emplacement drift, relatively dry for hundreds of years,
which should reduce the corrosion rate of the waste
packages. The air gap between the container and the
host rock is also expected to contribute to limiting the
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release of radionuclides. Because percolation rates are
expected to be low, and because most water is expected
to be tightly confined in the rock matrix, little water
should cross this air gap. Limited water movement in
fractures is possible; however, the amount of water that
could potentially contact the containers is expected to
be a small fraction of that contained in the rock. As the
waste packages and emplacement drifts eventually cool,
water could begin to seep back toward the waste pack-
ages, especially along fractures.

After the waste packages eventually corrode and deteri-
orate, and the engineered barrier function is degraded,
the natural barriers will provide the primary means of
isolation. The various rock layers at Yucca Mountain,
due to low water content and movement, are expected to
retard the movement of released radioactive material to
the accessible environment. Finally, any radioactive
material that eventually reached the water table beneath
the repository would be diluted, further reducing the
potential amounts that could reach the environment.

The current repository conceptual design assumes a rel-
atively high emplacement density of 83 metric tons of
initial heavy metal (MTU) per acre. The resulting
emplacement scheme divides the subsurface facilities
into two sets of waste emplacement drifts called
blocks!!. In this concept, the emplacement drifts would
be spaced at 22.5 meters and emplacement drifts would
range from about 250 meters to about 600 meters in
length. The upper block would cover about 324
hectares, and could accommodate about 11,000 waste
packages. The lower block would cover about 69
hectares, and could accommodate up to 2,400 addition-
al waste packages. A total of about 12,000 waste pack-
ages are expected to be emplaced!!> 12, Approximately
90 percent of the radioactive waste will be spent fuel in
waste packages, each containing up to 9 metric tons of
spent fuel. However, it is currently expected that more
than one-fourth of the total number of waste packages
will be high level waste, with each package containing
approximately 2 metric tons of high level wastes.

The physical arrangement in which waste packages
would be placed underground will have an impact on
the environmental conditions in the emplacement drifts.
After emplacement, heat will raise the temperature of
the emplacement drift rock walls. The spacing between
the emplacement drifts and the spacing between waste
packages within the emplacement drifts will determine
how hot the emplacement drift environment and sur-
rounding rock will become. Conceptual designs have
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been developed for fuel assemblies that have been
shipped to the repository in containers (canistered and
defense high-level waste disposal containers) that can
be placed into an overpack for subsequent emplacement
for disposal in the repository. Conceptual designs also
have been developed for fuel assemblies that arrive in a
shipping container (uncanistered) and must be repack-
aged for subsequent emplacement for disposal in the
repository (Fig. 27.6).

The waste packages would be mounted on rail cars that

canistered
disposal
container

uncanistered
disposal
container

defense high-level
waste disposal
container

fuel
canister

corrosion-
resistant é
inner barrier

corrosion- /
allowance e ]
outer barrier —— ]
— 1

N N

Conceptual design characteristics for disposal containers.

Uncanistered Canistered DHLW
large small large small
Capacity (number of fue] assemblies or pour canisters)
PWR 21 12 21 12 —
BWR 44 24 40 24 —
Canisters —_— —_ — — 4
Di ions in millimeters
Diameter 1629 | 1298/1265*% 1802 1531 1709
64" (51" /50™) " (60" ()}
Length 5335 5335 5682 5647 3680
(2107 (210" (224" (222m) (145")
‘Weight in kilograms (approximate)
Empty 31,000 22,000 31,000 25,000 13,000
(34 tons) (24 tons) | (34tons) | (28tons) | (14 tons)
Loaded 47,000 31,000 65,000 47,000 22,000
(52 tons) (34 tons) | (72tons) | (52tons) | (24 tons)

PWR - Pressurized Water Reactor BWR - Boiling Water Reactor
* larger diameter for PWR, smaller diameter for BWR

Figure 27.6. Conceptual designs address disposal con-
tainers for fuel assemblies not in canisters,
fuel assemblies in canisters, and pour can-
isters.
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off-center, in-drift option

waste package/rail
car unit

compacted fill

drift floor

Figure 27.7. Conceptual design options for emplacement drifts: center in-drift, with a single set of rails for placing
the waste package in the center of the drift; and off-center in-drift, with two sets of rails for placing

the waste package to one side of the drift.

would be placed on rails within the emplacement drift.
Once waste packages are placed in an emplacement
drift, no human entry into that emplacement drift would
be allowed under normal conditions. Two options, illus-
trated in Figure 27.7, are being studied for emplacement
of waste packages within the emplacement drifts. One
option, center in-drift, involves a single set of rails run-
ning down the center of the drift on which the waste
package rail car unit would be placed. The diameter of
this emplacement drift would be 5 meters. The other
option, off center in-drift, would contain two parallel
sets of rails. The rail car would be placed on one set of
rails to the side of the drift, and the set on the other side
of the drift would provide remote access along the drift
for inspecting, monitoring and maintaining the drift,
emplaced materials, and equipment. The diameter of
this emplacement drift would be 5.5 meters.

Each combination of drift and package spacing, and
waste package heat output, will result in a different
overall thermal load. Corresponding temperatures will
cause various changes in the repository rock and its
water content, which can affect waste package perfor-
mance. Potential changes in rock strength, water con-
tent and mineral composition depend primarily on the
thermal loading. These changes are being investigated
by both field and laboratory testing and by the use of
computer modeling techniques. A repository design
goal to not exceed wall rock temperatures of 200° C was
established!!. The current conceptual repository design
uses a relatively high thermal loading that results in

maximum emplacement drift wall temperatures of
approximately 155° C at about 40 to 60 years after
emplacement, if no ventilation is supplied to the drift
after emplacement is completed!2.

As would be expected, this strategy is sensitive to dis-
ruptive processes and events, especially those that could
modify the dry character of the site, which is central to
the compliance arguments. Of particular importance to
the strategy are climate changes and processes or events
that could enhance infiltration. The effects of reposito-
ry heating on the conditions of the rock mass are also of
concern. A high thermal load may drive moisture away
from the canisters for significant periods of time.
Conversely, the temperature changes could lead to
potentially irreversible changes in the hydrologic and
geochemical properties of the zeolites in the rock mass.

Another issue of engineered barrier performance is
related to the presence in the waste of gaseous radionu-
clides such as 4CO,. The natural barriers at Yucca
Mountain are not likely to be effective in containing
gases that could be released through eventual failure of
waste containers. Early waste package failure could
lead to the release of quantities of 14CO, that could pos-
sibly violate the remanded standard for total curies
released, even though there would be no significant
associated health effects. Although the standard has
been remanded, it is still used as a standard for compar-
ison by the program until a new one is in place The
waste packages likely could be designed to contain the
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gases, but the lack of true health and safety protection
makes it difficult to justify the costs.

27.4 RESULTS OF SITE CHARACTERIZATION
COMPLETED TO DATE

The test program described in the Site Characterization
Plan? included both surface based and underground test
programs, the latter in a facility developed at the base of
an exploratory shaft. Review comments on that plan
from the Nuclear Regulatory Commission!? and the
United States Nuclear Waste Technical Review Board!4
were addressed!’ and, in so doing, the configuration was
changed from shaft access to ramp access. The result-
ing facility design incorporated requirements to support
a test program to address data needed to assess the role
of both the engineered barriers and the natural barriers.
Heater tests, ranging in scale up to room size, will be
conducted over the next several years to investigate cou-
pled thermal-mechanical-hydrological-geochemical
processes, moisture movement, mechanical effects, and
near field effects. Other underground tests underway or
planned include construction tests, which examine exca-
vation methods, measurements of the response of
ground support systems, possible emplacement equip-
ment tests, seal component tests, seismic tomography,
and rock strength tests. Hydrology and transport will be
studied through suites of tests such as large scale per-
meability tests, radial borehole permeability (gas and
water) tests, hydrochemistry tests, mapping, diffusion
tests, radionuclide transport tests (using non-radioactive
tracers) and percolation tests, potentially above, at and
below the repository horizon. The field experiments are
complemented by laboratory tests, including, thermal,
mechanical, hydrological and rock water interaction.

Observations of the natural system and site data collect-
ed since 1978 suggest that the natural system is robust,
and that numerical models and calculations will be able
to bound many of the uncertainties for radiological safe-
ty evaluations, leading to enhanced confidence in the
performance of the site. No major unexpected condi-
tions have been encountered; tunneling and testing are
confirming the hypotheses on site conditions described
in the 1986 Environmental Assessment and the 1988
Site Characterization Plan. Recent performance assess-
ments!0 have led to increased confidence that a Yucca
Mountain repository would contain and isolate radioac-
tive waste and would meet a reasonable EPA standard.
Disruptive events, such as volcanism or seismicity, are
considered unlikely to adversely impact performance.
The project recently completed an independent external
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expert elicitation on probabilistic volcanic hazards! that
affirmed the project position on low (order of 108 per
year) probability of a volcanic event penetrating the
repository. An improved site and engineering data base
supports performance assessment calculations that pro-
vide more realistic bounding conditions.

Site hydrologic models!? indicate groundwater flux is
likely to be limited and very low at the repository hori-
zon, possibly with local exceptions. The results of mod-
eling and field investigations support a conclusion that
infiltration could be diverted laterally away from the
repository horizon, owing to the distinctly different
hydrologic properties at the contact between coarse-
grained and permeable non-welded tuff, and underlying
and overlying fine-grained and relatively impermeable
welded tuff layers (Fig. 27.3). These hydrologic condi-
tions have the potential to buffer the effects of increased
infiltration that potentially could occur as a result of cli-
matic changes. Exploratory studies facility tunneling
progress has greatly increased the opportunity for
underground observations and confirms constructability
and geologic characteristics with no observable water
seepage. Also, extensive underground drifting, which
provides a greater opportunity for observation and sam-
pling, has supplanted the originally proposed drilling
program.

27.5 PLANNED FUTURE WORK

Program scientists and management today believe that a
reduction in the scope of the characterization program
from that originally proposed is justifiable and desir-
able. This reduced scope is supported both through
increased understanding gained through progress in the
characterization program and through realignment of
licensing expectations with the information that can rea-
sonably be obtained at different phases of the program!8.
The current understanding of the importance of the indi-
vidual elements of the disposal system is better and
more quantitative than at the time the Site
Characterization Plan was written. Some of the uncer-
tainties identified in the Site Characterization Plan are
now known to be not as important as others.
Performance assessments and modeling have identified
the most important uncertainties and methods to bound
resolution of other uncertainties without executing every
activity of the extensive characterization program origi-
nally described in the Site Characterization Plan. What
has been learned leaves fewer, but still technically
important, questions to be answered about significant
features and processes of the natural geologic, hydro-
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logic, and engineered components that would be part of
a potential Yucca Mountain repository.

In addition to new site characterization information and
performance based analyses capable of evaluating total
system performance, other developments such as updat-
ed repository and waste package conceptual designs,
and considerations related to the change from a release
standard to a dose or risk-based standard, with an as-yet
unspecified regulatory time frame, have contributed to
the need to refine the strategy for evaluating waste con-
tainment and isolation.

The updated strategy currently being developed main-
tains a number of fundamentals of the original strategy.
The updated strategy continues to recognize the impor-
tant role of the relatively dry conditions at Yucca
Mountain, which contributed to the site originally being
selected for characterization studies. The updated strat-
egy also continues to recognize the geochemical setting
provided by Yucca Mountain as important to determin-
ing the rate at which radionuclides may be released into
the environment in the future, when containment by the
waste packages is eventually lost.

The current program is structured around a series of
major products leading to an eventual license applica-
tion. One of the most visible major products in the near
term is a Viability Assessment to be completed in 1998.
The Viability Assessment has four components:

1. Design of critical parts of the repository, waste pack-
ages, and engineered barrier system;

2. Performance assessment that incorporates current
knowledge of natural features, processes, and
responses at Yucca Mountain, and that evaluates the
long term performance of the total natural and engi-
neered system;

3. Total System Life Cycle Cost estimate for the con-
struction, operation, and closure of the repository;
and

4. Licensing Plan to lay out tests, design activities, or
other actions needed to complete an initial license
application for submittal to the United States Nuclear
Regulatory Commission.

The purpose of the Viability Assessment is to provide
policy makers with an integrated view of a repository
system, its estimated performance capabilities, and the
associated cost and schedule. If policy makers accept
and endorse that assessment, it is anticipated that
resources will be committed to ensure continued
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progress toward the license application.

Current project planning also reflects the need to com-
plete field studies and analyses to reduce uncertainty
and enhance understanding of system performance to
support the assessment of system safety needed for the
license application. The larger technical questions iden-
tified in recent total system performance assessments!®
as key to evaluating repository and waste package per-
formance are related to the following attributes of the
system:

1. Rate of water seepage into the repository;

2. Integrity of waste packages (containment);

3. Rate of release of radionuclides from waste in the
breached waste packages;

4. Radionuclide transport through engineered barriers
and natural barriers; and

5. Dilution in the groundwater below the repository.

The refined waste isolation and containment strategy
will also address what approach will be taken to gather-
ing data and developing models to make better predic-
tions of these attributes over time. As the repository
generates heat and then gradually returns to ambient
temperatures, it is expected that at least the first four of
these attributes will be affected, changing their relative
importance to system performance as a function of time.

In the absence of a definitive compliance standard for
geologic disposal, the United States Department of
Energy is defining waste containment and isolation for
purposes of conducting the viability assessment in such
a way as to be independent of the specific compliance
measures that eventually will be promulgated!®. Waste
containment has been defined as: the near-complete
containment of radionuclides by waste packages for sev-
eral thousands of years. Isolation has been defined with
a system-level safety goal as: an acceptable dose to a
member of the public living near the site. Quantitative
dose modeling results will be used to evaluate compli-
ance with applicable standards; more attention will be
paid to evaluating potential doses for the first ten thou-
sand years. However, calculations will be carried out
over longer times in order to provide qualitative insight
into peak dose potential, and to support system enhance-
ment studies.

The United States Department of Energy recognizes
there are issues which cannot be completely resolved in
the 1998 Viability Assessment. Scientific and engineer-
ing studies will continue to be conducted to guide con-
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firmation of or revision to the basis for modeling per-
formance of the repository system. There is an expecta-
tion that additional data and analyses will be required to
support a license application. It also recognizes that, if
a license is granted, confirmatory technical work will
continue beyond the time of license application into the
construction and operational phases of the repository.

27.6 CONCLUSIONS

Following amendment in 1987 of the legislation autho-
rizing characterization of sites for a repository, the
United States’ high-level waste program focused on
Yucca Mountain in the southwestern United States as
the single site under consideration. The attributes of
Yucca Mountain that made it technically attractive near-
ly twenty years ago continue to be the technical under-
pinnings of the strategy for long term waste containment
and isolation. Significant progress has been made in the
characterization of Yucca Mountain as a potential site
for a mined geologic repository. Conditions encoun-
tered in the exploratory studies facility tunnel at reposi-
tory depth are consistent with expectations of such a
facility constructed in the unsaturated zone. Total sys-
tem performance assessments of the long term behavior
of a repository at Yucca Mountain continue to mature,
and have provided significant guidance in helping define
priorities in the test programs and design solutions for
the engineered barriers.

The technical strengths of the Yucca Mountain site
depend on limited water available to contact the wastes
and a corresponding high potential for isolation of the
wastes. Today, the United States regulatory approach to
long term compliance is uncertain. While the United
States Nuclear Regulatory Commission regulations are
in place, the United States Environmental Protection
Agency standards for disposal safety are remanded.
Actions underway to develop a new standard for dispos-
al safety are reopening issues fundamental to the struc-
ture of the regulatory approach.

The United States high-level waste program regulations
were, in the past, based on a relatively long time frame
of regulatory interest, 10,000 years, and assessed com-
pliance against limits on total system releases at an
accessible environment, located five kilometers from the
repository. The National Academy of Sciences® recom-
mendation that the United States adopt a dose based
standard for postclosure compliance for a repository has
raised issues relative to the regulatory time frame, dose
and risk, the definition of the reference biosphere,
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human intrusion and the quantitative treatment of natur-
al processes and events. Deliberation of these issues is
expected to be intense and time consuming, and funda-
mental re-evaluation of the United States approach to
long term compliance should not be unexpected.

Technically, the Yucca Mountain site remains attractive
because of its great potential to isolate wastes.
However, there are significant concerns about the abili-
ty to bring to closure a regulatory proceeding that could
have to deal with what are unprecedented time frames in
the context of regulation. The potential for a geologic
disposal standard that could introduce a need to rely on
dilution in a closed hydrologic basin to meet a dose
based standard takes the United States high-level waste
program full circle back to the promulgation of the
United States Environmental Protection Agency stan-
dards for geologic disposal. In those proceedings, a
dose based standard was considered to be an inappro-
priate policy that could increase overall population
exposures by encouraging disposal methods that would
enhance dilution of any radionuclides released®.

The extent to which the Yucca Mountain site eventually
can be shown to be in compliance with a regulation that
is evolving amid questions about the very nature of the
regulatory structure that has been the basis for selection
of the site, and assessment of its performance for nearly
twenty years, is a significant concern. This reassessment
is occurring even as the geologic and engineering disci-
plines are beginning to evolve data sets that are unprece-
dented in depth, breadth and specificity for evaluating
the Yucca Mountain site for its waste isolation potential.
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